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Abstract

Biomedical sensing technologies are essential for real-time health monitoring and dis-
ease management. Among their applications, blood glucose monitoring is of particular
importance due to the global prevalence of diabetes that demands early detection and
continuous management. Although clinically approved invasive methods exist, they are
often inconvenient and unsuitable for continuous monitoring. Despite extensive research,
non-invasive glucose monitoring, whether through wearables or smartwatches, remains an
unsolved challenge, with no commercially or clinically validated solutions available.

Radar-based biomedical sensing offers a promising non-invasive, continuous monitor-
ing approach with tissue penetration capabilities. However, challenges such as suboptimal
antenna design, near-field limitations, air-skin impedance mismatch, and poor depth reso-
lution persist. A key objective in improving radar sensing performance is to maximize the
transmitted power density from the radar’s transmit (TX) antenna into the target medium
while simultaneously enhancing the reflected power received by the receive (RX) antenna.
This dual enhancement significantly improves the radar’s signal-to-noise ratio (SNR). In-
tegrating advanced lenses and metasurfaces addresses these limitations, enabling efficient,
practical deployment without major redesigns.

This research introduces the development and implementation of novel radar-based
methodologies tailored for biomedical sensing applications. Through innovative system
design, advanced signal processing, and rigorous experimental validation, the proposed
solutions address key challenges in on-body sensing. The first contribution focuses on
advanced lens designs, such as dielectric rod arrays and modified gradient-index (GRIN)
Luneburg lenses, aimed at enhancing radar-based external health monitoring at 10 GHz.

The second contribution advances metasurface technologies for internal biomarker mon-
itoring, enabling compact, skin-contact wearable systems with enhanced sensitivity and
spatial resolution, with a specific emphasis on non-invasive blood glucose detection. Oper-
ating in the 58-63 GHz millimeter-wave band, the proposed metasurface-enhanced radar
system integrates the BGT60TR13C sensor from Infineon Technologies with a planar,
phase-synthesized metasurface for near-field focusing within the skin dermis layer, achiev-
ing over 11-fold improvement in SNR, by enhancing both transmitted and reflected power.
Four progressively objectives are presented, each expanding upon the foundation of the pre-
vious stage: single-band, single-focus metasurface, a preliminary design serving as proof
of concept; metasurface-enhanced multi-radar fusion for distributed sensing; dual-band,
dual-focus metasurface for depth-selective monitoring; and a multi-band, multi-focus non-
interleaved metasurface for combined spatial and depth resolution. These innovations have
the potential to revolutionize non-invasive, continuous health monitoring.
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Chapter 1

Introduction

Radar technology provides a high level of resolution and accuracy in identifying delicate
variations within biological tissues and fluids. The detailed precision of radar signals en-
ables in-depth sensing and comprehensive characterization of biological structures, thereby
facilitating precise diagnosis and ongoing monitoring of medical conditions. This capabil-
ity to identify and distinguish minor irregularities or deviations from the standard serves
a crucial role in the early detection of diseases and contributes significantly to planning
treatments and interventions. This thesis focuses on employing near-field radar sensing in
the realm of biomedical applications, discussing its potential advantages, advancements,
and applications that contribute to enhancing healthcare and medical diagnostics.

In this chapter, we delve into the motivation behind our research, focusing on the chal-
lenges of utilizing radar technology for internal physiological sensing. Unlike conventional
biomedical sensing methods that monitor external vital signs such as heart rate or res-
piration through skin movement, our work targets the detection of internal biomarkers,
such as glucose levels, offering a non-invasive window into the body’s physiological state.
We present clear objectives that guide the proposed steps and address the complexities
of integrating radar systems into advanced biomedical applications. This targeted ap-
proach establishes a strong foundation for exploring the transformative potential of radar
in non-invasive internal health monitoring.

1.1 Motivation

Radar-based biomedical sensing systems offer a promising avenue for non-invasive, con-
tactless, and continuous monitoring of physiological parameters, addressing the growing



demand for long-term health observation with minimal patient discomfort. Unlike tradi-
tional methods that require physical contact, often involving cumbersome electrodes or
wearable sensors, radar systems enable passive sensing, significantly enhancing patient
comfort and compliance. The motivation for using such contactless systems lies in their
potential to reduce costs, extend device lifespan, and provide reliable sensing over pro-
longed periods. Applications span from post-operative recovery tracking to evaluating
lifestyle impacts such as diet, exercise, and substance intake on sleep and overall health.

However, while conventional biomedical radar systems have largely focused on external
vital signs, such as respiration and heart rate, through the detection of mechanical move-
ments at the skin surface, this thesis targets a more challenging and underexplored domain:
non-invasive detection of internal physiological markers, such as blood glucose levels. This
shift introduces critical challenges, particularly in terms of antenna design, electromagnetic
wave penetration, and interaction with the heterogeneous dielectric properties of human
tissues.

In striving to achieve precise and high-quality sensing for biomedical applications
through radar technology, a significant obstacle arises in the form of near-field-focused
antennas. Merely designing an antenna is insufficient to adequately penetrate the human
body and deliver effective sensing capabilities. The primary challenge lies in the limited ca-
pabilities of these antennas to efficiently access and capture data from the body’s intricate
and varied internal structures. This hinders their ability to provide accurate and in-depth
sensing, emphasizing the need for a more sophisticated approach that surpasses the limi-
tations of antenna design to enhance penetration and improve overall sensing performance
within biomedical applications.

Radar systems operating at millimeter-wave frequencies, especially frequency-modulated
continuous wave (FMCW) radars, have garnered attention for their high resolution and
sensitivity to dielectric property variations. These features are crucial for detecting sub-
tle physiological changes, such as variations in glucose concentration or the presence of
anomalies like tumors. Their compact size makes them especially suitable for integration
into wearable systems, such as smartwatches or biomedical rings. Nonetheless, their limited
penetration depth remains a bottleneck for deep tissue sensing. In contrast, lower-frequency
radar systems offer superior tissue penetration at the expense of spatial resolution, neces-
sitating a careful trade-off based on the sensing application.

In bio-sensing scenarios, the effectiveness of radar hardware is evaluated by utilizing
the near-field sensing capabilities of the antenna when it is placed in immediate proximity
to the human body. Focusing energy at specific internal locations can significantly enhance
signal fidelity and sensing accuracy. This requires not only effective spatial control of the



electric field but also meticulous consideration of impedance matching, power delivery,
and interaction with complex tissue dielectric profiles. An effective technique involves
harnessing the radiated power of the transmitter antenna to focus the electric field at
a specific location near the radar surface. This process enables the system to capture
reflected signals carrying relevant information from the target, consequently enhancing
the near-field sensing capabilities. Such an approach significantly improves the system’s
capacity to detect and gather information when the radar is closely situated to the human
body.

The literature reveals a considerable gap in the development of radar antennas opti-
mized for internal biomedical sensing. Initially, there is a shortage of research focusing on
millimeter-wave, hindering progress in developing applicable technologies for biomedical
use. In addition, many existing designs for near-field sensing are hampered by bulky ge-
ometries, high-profile structures, and lossy feeding networks, rendering them impractical
for real-time or wearable healthcare applications.

Moreover, the conventional practice of defining the far-field by placing the focal point
distant from the antenna limits the ability to focus very close to the aperture, imposing
a substantial constraint on targeting specific areas in biomedical contexts. In the domain
of near-field antenna design, it is essential to emphasize that far-field design parameters
should not be uniformly applied. While considerations like radiation pattern, antenna
gain, directivity, and sidelobe level are crucial in most applications, their interpretation
differs in the context of near-field antennas. The primary aim of near-field antenna design
is to optimize the performance and characteristics of the antenna in close proximity to the
radiating source, typically within a wavelength or less. Therefore, the focus shifts towards
achieving efficient power transfer, minimizing near-field distortions, and tailoring the an-
tenna’s features to meet the specific requirements of short-range communication systems.
Employing far-field design parameters without adjustments in the near-field context can
result in suboptimal performance and potentially nullify the advantages of using near-field
antennas.

Furthermore, the oversight regarding impedance matching in the near-field significantly
restricts the practical application of these antennas for direct contact with the human body,
a crucial element in their integration into medical devices. In medical microwave sensing,
antennas are positioned close to the body to capture faint echoes from internal organs,
often overshadowed by strong reflections from the skin. Considering the antennas’ close
proximity to the body, it becomes imperative to carefully address the characteristics of
near-field antennas. Challenges arise when attempting to integrate these antenna structures
with compact devices like radars or sensors, limiting their feasibility in real-time health
monitoring applications. Despite common use of optimization techniques to achieve near-



field focus, a notable gap exists due to the lack of comprehensive theories in near-field
studies, particularly concerning impedance and electric field behavior. This shortfall has
contributed to the absence of any widely adopted commercial or clinical device for non-
invasive glucose monitoring using radar, despite substantial research efforts. Attempts
have included sensing through interstitial fluid and sweat, yet the realization of a reliable,
fully contactless blood glucose sensor remains elusive.

The development of antennas for bio-sensing devices, meant for in-body applications,
presents considerable challenges due to various crucial factors involved in their design.
These factors encompass antenna size, bandwidth, patient safety, and diverse security
considerations. The complex dielectric properties of human tissues and the need for wide
bandwidth pose significant limitations in these applications. Even with recent progress in
diagnosing diseases like lung conditions, persistent limitations exist that need addressing,
such as low spatial resolution and the necessity for real-time monitoring in appropriate
clinical settings. These challenges underline the complexity and ongoing hurdles in the
development of effective bio-sensing devices for a range of medical applications.

Tackling these challenges is pivotal for creating effective, efficient, and practical antenna
solutions in biomedical applications. Recent advances in metasurfaces, which enable dy-
namic manipulation of electromagnetic waves, offer a powerful solution. When integrated
with radar platforms, metasurfaces can enhance field control, improve sensitivity, and in-
crease resolution. This synergy promises a new generation of bio-radar systems capable of
non-invasive, accurate, and reliable internal sensing, contributing to the next frontier in
personalized healthcare technologies.

1.2 Objectives

Radar systems have increasingly demonstrated their suitability for a wide range of biomed-
ical applications due to their ability to operate reliably in complex environments and pen-
etrate various non-metallic materials including biological tissues, without requiring direct
contact. This unique capability allows healthcare professionals to gather vital physio-
logical information in real-time, supporting early diagnosis, continuous monitoring, and
timely intervention. Compared to conventional imaging and sensing systems, radar offers
a cost-effective, portable, and non-invasive solution suitable for integration into wearable
or handheld platforms. These features are particularly appealing for applications such as
blood glucose monitoring, fall detection, tumor localization, and sleep apnea diagnosis.

However, realizing the full potential of radar sensing in biomedical applications, espe-
cially for internal and non-invasive monitoring of biomarkers like glucose, demands sig-
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nificant innovation at the hardware level, most critically in the design and integration of
near-field sensing antennas. Near-field operation is essential for biomedical radar systems
operating in close proximity to human skin or tissue. Yet, challenges such as limited pen-
etration depth at high frequencies, air-to-skin impedance mismatches, and inefficient field
focusing severely limit the efficacy of off-the-shelf radar modules.

Recent advancements in metasurfaces, subwavelength structures capable of manipulat-
ing electromagnetic waves with high precision, offer a powerful means to overcome these
limitations. Metasurface-enhanced radar antennas enable the design of compact, low-profile
systems with superior near-field focusing, resolution, and sensitivity. When properly de-
signed, metasurfaces act as impedance-matching interfaces between the radar antenna and
the biological tissue, maximizing the absorbed power and enhancing backscattered signal
levels without disturbing the system’s matching network. These advantages can be har-
nessed to boost signal-to-noise ratio (SNR) and sensing accuracy in radar-based biomedical
applications.

This thesis proposes a comprehensive investigation into the use of metasurface-enabled
radar systems for non-invasive physiological monitoring, with a focus on glucose sensing
and deep-tissue anomaly detection. The thesis aims to address both the theoretical and
practical challenges of designing effective near-field radar sensors for the human body,
bridging the gap between existing radar technology and clinical deployment. The specific
objectives of the thesis are as follows:

Objective 1: Radar Near-Field Sensing Using Single-Band Single-Focus
Metasurface

Design and validate a compact, passive, transmissive metasurface engineered using
phase-synthesized unit cells to focus the radar’s electric field at a specific depth within
the skin. This metasurface is optimized for integration with the Infineon BGT60TR13C
radar module and targets improved impedance matching at the air—skin interface, thereby
increasing the absorbed Poynting power density and reflected signal strength.

Objective 2: Synchronized Multi-Radar Fusion Sensing Using Single-Band,
Multi-Focus Metasurface for Real-Time Distributed Monitoring

Develop and implement a synchronized multi-radar sensing system in which multiple
radar modules, each equipped with identical near-field metasurfaces, monitor physiological
signals from various body locations simultaneously. This distributed architecture com-
pensates for biological variability across body sites and enhances the robustness of glucose
monitoring. Data fusion and synchronization techniques are employed to integrate readings
in real-time.



Objective 3: Radar Near-Field Sensing Using Dual-Band, Independently
Tunable Dual-Focus Metasurface

Advance the system to a dual-band configuration that enables independent control of
two spatially distinct focal points using frequency-selective metasurface layers. This design
addresses the limitations of single-point sensing by enabling multi-depth interrogation,
useful for layered tissue analysis or simultaneous monitoring of multiple biomarkers.

Objective 4: Frequency-Scanning Multi-Radar Fusion Sensing Using Multi-
Band, Multi-Focus, Non-Interleaved Metasurface

Introduce a multi-band, non-interleaved metasurface design where discrete zones are
optimized for different operating frequencies. This enables depth-tunable sensing by utiliz-
ing the frequency-dependent penetration characteristics of millimeter-wave signals. Each
frequency zone functions as an independent matching network for a specific depth layer in
tissue.

Overall, this thesis systematically explores the design, simulation, and experimental
validation of metasurface-enhanced radar systems for biomedical sensing. By integrating
advanced electromagnetic structures with commercially available radar modules, the pro-
posed solutions address long-standing limitations in penetration, resolution, and system
integration for non-invasive internal sensing. The outcomes of this research aim to inform
future clinical technologies and lay the groundwork for practical, wearable, and contactless
radar-based biosensors capable of reliable real-time health monitoring.

1.3 Thesis Outline

This thesis is structured into five chapters, each building upon the previous to develop and
evaluate a comprehensive radar-based sensing system for biomedical applications, partic-
ularly focused on non-invasive internal monitoring.

Chapter 2 presents a detailed literature review covering the foundational aspects of
near-field sensing technologies and radar applications in biomedical contexts. It begins
by introducing key principles of near-field microwave antennas, followed by an exploration
of their specific biomedical applications. The chapter then transitions into a focused dis-
cussion on metasurface-based near-field focusing approaches, which form the theoretical
basis for the proposed solutions in this thesis. In the second part of the chapter, various
radar sensing technologies are reviewed, with emphasis on their roles in modern wireless
communication networks and their emerging use in medical sensing and imaging. The



chapter concludes by identifying the primary challenges in designing radar antennas for
bio-sensing, particularly within the near-field regime.

Chapter 3 focuses on the fundamentals of radar sensing and introduces various power-
focusing enhancement techniques relevant to biomedical applications. It begins by outlining
the principles of radar operation, contrasting far-field and near-field sensing, and discussing
their implications in target monitoring. The chapter then presents three enhancement
strategies aimed at improving near-field energy delivery: a 3D-printed dielectric rod lens,
a spherical GRIN Luneburg lens, and planar metasurfaces. These techniques are evaluated
in terms of their efficiency, complexity, and suitability for integration with compact radar
systems. This chapter establishes the motivation for adopting planar metasurfaces as a
practical and effective solution for radar-based bio-sensing.

Chapter 4 constitutes the core of this thesis and details the design, development, and
validation of several metasurface-integrated radar systems tailored for biomedical sensing.
It encompasses four objectives, begins by introducing a single-frequency near-field-focused
metasurface and its integration with a radar module in direct contact with a human skin
model. The subsections address the unitcell design, full-array construction, simulation
results, fabrication process, signal processing techniques, and measurement verification.
Building on this foundation, the chapter explores a synchronized multi-radar fusion system
for distributed sensing across multiple skin sites, followed by the development of a dual-
band metasurface capable of independently focusing energy at two distinct depths. Ad-
ditionally, a frequency-scanning radar architecture incorporating a non-interleaved multi-
band metasurface is introduced to enable depth-selective sensing. Throughout these sec-
tions, both simulation and experimental results are presented to validate the performance
improvements and biomedical sensing enhancements achieved through the proposed meta-
surface designs.

Chapter 5 concludes the thesis by summarizing the major findings, emphasizing the
contributions made toward advancing radar-based near-field biomedical sensing. It high-
lights how the integration of metasurfaces has improved power delivery, field focusing,
and signal-to-noise ratio across various configurations. The chapter also discusses poten-
tial future research directions, clinical trials, integration with wearable technologies, and
adaptation to other physiological monitoring targets.



Chapter 2

Literature Review

Radar sensing has gained significant attention in recent years due to its versatility, con-
tactless nature, and ability to function effectively in challenging environments [1]. These
characteristics make it especially attractive for biomedical applications, where non-invasive
monitoring and reliability are of critical importance. Radar systems are capable of pene-
trating various materials, including biological tissues, without requiring physical contact,
enabling the collection of real-time physiological information while ensuring user comfort
and system longevity. As a result, radar sensing is increasingly being explored for diverse
medical applications such as respiration and heart rate monitoring [2], sleep analysis [3],
fall detection [1], and non-invasive blood glucose monitoring [5].

Despite these advantages, the application of radar to internal physiological sensing re-
mains complex. In biomedical contexts, especially when the radar is positioned in close
proximity to the human body, the operating conditions shift from the far-field to the
near-field regime. Under these conditions, conventional radar and antenna design prin-
ciples no longer apply. Challenges such as air-to-skin impedance mismatch, rapid decay
of evanescent fields, and poor field penetration limit the effectiveness of radar systems
in detecting subsurface physiological changes. These limitations underscore the need for
advanced electromagnetic structures and antenna design strategies that can overcome the
inherent difficulties associated with near-field biomedical sensing.

Exploring the engineering of the near-field (NF) in radiating systems has therefore
attracted increasing interest, particularly due to its wide array of practical applications
across multiple domains. These include near-field radiometry [0], which is crucial for
measuring electromagnetic emissions from electronic devices, deep tissue hyperthermia [7],
where localized energy deposition is essential for therapeutic treatment, and wireless power



transfer to biomedical implants [8], which ensures continuous and non-invasive powering
of embedded devices. These examples illustrate the broad utility of near-field engineering
beyond traditional wireless communication, particularly within biomedical systems.

Antenna near-field sensing plays a pivotal role in advancing biomedical applications
by facilitating non-invasive diagnostics, medical imaging, and therapeutic interventions.
This technology enables precise and detailed medical imaging which assists in early dis-
ease detection and the study of soft tissues and organs. Near-field sensors are crucial for
wireless communication in implantable medical devices, promoting remote monitoring and
improving patient care. They also aid in research by providing insights into the electro-
magnetic properties of biological tissues and cells. Additionally, near-field sensing supports
the development of minimally invasive procedures for cancer treatment and drug delivery,
offering safer and more effective options for patients. These applications underscore the sig-
nificance of antenna near-field sensing in the ever-evolving landscape of biomedical research
and healthcare [9].

In essence, the primary objective of near-field engineering is to control and shape the
electromagnetic field distribution in the immediate vicinity of an antenna. This involves
tailoring the field to achieve desired characteristics either in free space or within sur-
rounding materials such as biological tissues. Applications range from enhancing signal
propagation and maximizing energy absorption to directing electromagnetic energy for
therapeutic or diagnostic purposes. Near-field engineering thus holds significant potential
to transform the way electromagnetic energy is utilized, particularly in advanced biomedical
systems. However, unlike the far-field regime, where radiated fields are well-behaved and
design methodologies are well-established, the near-field region, typically defined within
a few wavelengths of the antenna, is characterized by highly complex, reactive, and non-
radiative field components. These complexities make accurate modeling and optimization
more difficult and contribute to the lack of standardized design frameworks, thereby posing
a considerable challenge for practical implementation in precision applications.

There are many existing technologies available today for health and activity monitoring
that can track physiological parameters and support healthcare applications [10]. However,
most of these are either contact-based or limited in their sensing depth and accuracy. In
response, radar sensing and near-field antenna technologies—especially those enhanced by
emerging concepts such as metasurfaces, offer promising avenues for addressing the unmet
needs in biomedical sensing.

In this chapter, we present an extensive review of the existing literature related to radar
sensing and near-field antenna design, with a particular focus on their integration into
biomedical applications. We begin by examining radar technologies and their potential in



healthcare, followed by a focused discussion on near-field sensing principles, and conclude
with a review of metasurface-based solutions for near-field enhancement in radar-based
biomedical sensing.

2.1 Overview of Radar Sensing Technologies

Radar is a mature and widely adopted technology that utilizes electromagnetic waves to
detect and characterize objects based on the reflection of transmitted signals. Originally
developed for military and aviation applications, radar has evolved to serve a broad range
of domains including automotive safety systems, remote sensing, environmental monitor-
ing, gesture recognition, and healthcare. The core operating principle of radar involves
the transmission of modulated electromagnetic waves, typically in the radio or microwave
frequency range, which reflect off a target and return to the receiver. By analyzing pa-
rameters such as time delay, frequency shift (Doppler), and amplitude, radar systems can
extract information about the target’s distance, velocity, motion, and material properties.

Monostatic and bistatic radar systems represent two fundamental configurations used
for target detection and range measurement [I1]. In a monostatic radar, the transmitter
and receiver are co-located or share the same antenna, meaning that the radar transmits
a signal and listens for its echo from the same position, as shown in Fig. 2.1a. This setup
simplifies the system architecture and signal processing, making monostatic radars widely
used in applications such as automotive sensing, weather monitoring, and biomedical di-
agnostics. In contrast, a bistatic radar separates the transmitter and receiver by a finite
distance, forming a spatial baseline between the two, as shown in Fig. 2.1b. This config-
uration offers advantages in terms of reduced susceptibility to detection, enhanced spatial
resolution, and the ability to capture scattered signals from different angles. However,
bistatic systems require more complex synchronization and geometry management, as the
signal path and processing depend on the positions of both the transmitter and receiver
relative to the target. In biomedical sensing contexts, monostatic configurations are more
commonly adopted due to their compactness and ease of integration, although bistatic ap-
proaches are being explored for specialized applications that benefit from angular diversity
or distributed sensing.

Radar sensing technologies have undergone remarkable advancements over the past
several decades, evolving from bulky, military-grade systems into compact, high-resolution
sensors suitable for a wide range of commercial and scientific applications. These ad-
vancements have been driven by innovations in microwave engineering, signal processing,
semiconductor fabrication, and antenna design.
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Figure 2.1: (a) Illustration of the general principle of radar performance in two configura-
tions: (a) monostatic radar, where the TX and RX are co-located, and (b) bistatic radar,
where the TX and RX are spatially separated, forming a bistatic angle 5 at the target [11].

Off-the-shelf radar modules offer numerous benefits that have significantly accelerated
the adoption and development of radar-based solutions across various fields. These pre-
designed, cost-effective platforms provide ease of integration, compact form factors, and
reliable performance, making them ideal for both research and commercial applications. As
illustrated in Fig. 2.2, various off-the-shelf radar modules have been widely adopted across
multiple domains. For instance, the Texas Instruments AWR1843BOOST radar module,
operating at 79 GHz, has been widely used in automotive systems for applications such
as object detection and adaptive cruise control [12]. The HB100 radar module, operating
at 10 GHz, has found utility in through-the-wall sensing, safety monitoring, and collision
warning systems [13]. Similarly, the Infineon BGT60TR13C radar, operating at 60 GHz, is
commonly employed in biomedical and human-machine interaction applications, including
cardio-respiratory health monitoring, eye tracking, gesture recognition, and in-car driver
monitoring [11, 15]. These modules exemplify the versatility and accessibility of commercial
radar systems, enabling rapid prototyping and deployment in diverse sensing environments.

2.1.1 Radar Applications in Modern Wireless Systems

Radar technology has evolved from its origins in military and defense systems into a vital
component of modern wireless systems, finding broad adoption in automotive, industrial,
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Figure 2.2: Commonly used off-the-shelf radar modules for various applications [12-14].

healthcare, and consumer applications. In particular, automotive radar has seen rapid
integration into advanced driver-assistance systems (ADAS), supporting functions such as
adaptive cruise control, blind-spot detection, emergency braking, and lane-keeping assis-
tance [16]. These systems typically operate in the 24 GHz and 77-81 GHz bands, offering
reliable performance under varying weather and lighting conditions, which makes them
essential for both semi-autonomous and fully autonomous vehicles [17].

Beyond the road, radar technology is also shaping the future of urban air mobility.
Drones are being increasingly adopted for package delivery, including urgent medical sup-
plies like blood and vaccines. Companies such as Alphabet’s Wing have deployed radar-
enabled drone delivery services in several countries, while Wisk, a subsidiary of the same
parent company, is developing autonomous air taxis aimed at reducing urban congestion
[18].

In the consumer electronics and smart living sectors, radar plays a critical role in en-
abling wireless indoor sensing for gesture recognition, presence detection, and occupancy
monitoring. These applications are central to smart homes, human-computer interaction,
and energy-efficient building automation [19]. Compact radar modules offer the ability
to detect fine-grained human motions—such as hand and finger gestures—even through
obstacles and without the need for line-of-sight, unlike traditional optical systems [20].
Google’s Soli radar, operating in the 60 GHz ISM band with a 7 GHz bandwidth, exem-
plifies this trend. It provides a range resolution of approximately 2 cm and is integrated
into mobile devices to translate subtle gestures into computer commands using machine
learning [21].

Radar also plays a key role in human sensing and healthcare, where its non-contact
nature allows for monitoring vital signs such as respiration and heartbeat through clothing,
bedding, or even in complete darkness. Advanced techniques, including continuous-wave
Doppler radar and phase-modulated MIMO systems, allow for simultaneous tracking of
multiple subjects—capabilities particularly valuable in epidemic scenarios such as COVID-
19, where contactless monitoring is essential [22].
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In the industrial domain, radar is widely used for short-range high-precision measure-
ments. Millimeter-wave (mm-wave) radar sensors, due to their compact size and ability to
operate under extreme environmental conditions, dust, heat, and low visibility, are ideal for
applications such as tank level gauging, vibration monitoring, metal micromachining, and
production engineering [23, 24]. Radar applications are typically dictated by frequency
allocation and operational constraints. For instance, frequencies beyond 100 GHz face
significant atmospheric losses, making them suitable mainly for short-range tasks such as
high-precision vibration detection, security imaging, and gesture recognition [25].

In wireless communication systems, radar technologies are being explored within the
emerging framework of Joint Radar-Communication (JRC) or Integrated Sensing and Com-
munication (ISAC). These approaches leverage shared waveforms and hardware to perform
both sensing and data transmission simultaneously, offering spectrum and hardware effi-
ciency. ISAC is considered a foundational enabler for future wireless generations such as
6G, where situational awareness, spatial intelligence, and environmental adaptability are
key performance indicators [20].

These diverse and evolving applications underscore radar’s growing role as a versatile
sensing modality in wireless systems, offering high resolution, robustness, and adaptability
that complement and enhance existing wireless technologies.

2.1.2 Radar Applications in Biomedical Sensing and Imaging

Radar systems have recently been used in many bio-sensing applications to extract specific
bio-signals pertaining to the target individual’s health. They can be successfully applied
to contactlessly characterize a number of biomedical parameters, detect emergencies, and
provide excellent long-term care benefits [22]. Over the last decade, several prototypes
have been developed that demonstrate the potential of using Al-powered radar systems
for non-invasive glucose sensing (Fig. 2.3a) [27], wearable sweat monitoring (Fig. 2.3b)
[28, 29], multi-person vital sign tracking (Fig. 2.3c) [22, 30, 31], gait monitoring [32], fall
detection [32], human eye activity monitoring [33], and imaging [31]. Compact radars are
also often used in wearable technology, such as smartwatches, for routine human health
monitoring [35, 36]. Radar system development for industrial and biomedical microwave
applications has recently accelerated due to an increase in interest in millimetre (mm)-wave
communication for near-field sensing using low-profile and low-cost antennas providing
sufficient energy penetration into the body [37]. Recently published papers in peer-reviewed
journals demonstrate the utility of some compact mm-wave off-the-shelf short-range radar
modules in biomedical applications such as blood glucose concentration level detection [35],
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Figure 2.3: (a) General conceptual illustration of the portable radar driven sensor for
measuring the glucose level non-invasively from the fingertip by sending electromagnetic
waves of small wavelength into the blood vessels [27] (b) A multiplexed electrochemical
system for continuous monitoring of a panel of analytes in sweat, integrated into a smart
wristband for fitness monitoring [28] (c¢) a bedroom with a radar attached to a ceiling on
the bed for human vital sign tracking [31] (d) The radar experimental setup for glucose
detection in blood test tubes [39] (e) a millimeter-wave arterial sensing device mounted on
wrist and a tonometer placed on radial artery of a subject [42].
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differentiating blood samples from disparate glucose concentrations (Fig. 2.3d) [39], breast
cancer detection [10], skin cancer detection [11], arterial pulse waveforms measurements
for blood pressure tracking (Fig. 2.3e) [12], and continuous extraction of cardiorespiratory
displacement waveforms with high precision [43].

Non-contact cardiopulmonary monitoring is emerging as a promising technological so-
lution for monitoring vital signs during sleep, home healthcare, infant monitoring, post-
surgery care, and search and rescue operations. Over the past years, radar-based non-
contact physiological sensing has notably advanced, transitioning from laboratory exper-
imental demonstrations to real-world applications across various fields, as highlighted in
[14]. This progress potentially paves the way for the creation of a non-contact, incon-
spicuous, and long-term respiration sensing device. Cardiopulmonary monitoring typically
occurs within a hospital setting, using sensors that need to be attached to the body, such
as electrocardiogram (ECG) electrodes. Early detection and identification of respiratory
irregularities through continuous monitoring are crucial in reducing mortality rates. Dur-
ing the COVID-19 pandemic, there has been a notable recognition within the scientific
community regarding the significance of non-contact respiratory sensing. Numerous pub-
lications, as highlighted in [15], have emphasized the importance of non-contact methods
for respiratory monitoring during this health crisis.

The traditional method of assessing cardiopulmonary functions is mostly contacted
sensor-based where sensors need to be attached to the human subject. In hospital settings,
ECG is the gold standard to monitor the heart rate of patients. Although there is no
equivalent gold standard for respiratory monitoring. Respiratory rate is one of the critical
vital signs but not measured frequently. But based on respiratory rate physiological insta-
bility of human subjects can be assessed. In hospital settings, different vital signs such as
blood pressure, pulse rate, and arterial oxygen saturation can be monitored frequently by
healthcare professionals (nurses) with different sensors. Although the respiratory rate is
measured by visual inspection with a nurse counting the chest movement [10].

Non-invasive and discreet forms of respiratory monitoring devices hold significant po-
tential in modern healthcare. For instance, monitoring vital signs in burn victim patients
presents challenges due to insufficient available skin for electrode placement. A non-contact,
wireless system for monitoring heart and breathing has the potential to alleviate the dis-
tress experienced by neonates and burn victims [10]. An effective Doppler radar-based
non-contact and inconspicuous respiratory monitoring system has demonstrated its ability
to identify various sleep apnea events in a clinical study [1(]. Therefore, combining Doppler
radar with other methods could render it non-contact and discreet, potentially reducing
patient discomfort [17]. Furthermore, a portable sleep monitoring device based on radar
might aid in early diagnosis of Obstructive Sleep Apnea [17].
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Doppler radar has already demonstrated its effectiveness in monitoring human gait,
as indicated in [18]. Furthermore, it has been employed for fall detection with remark-
able accuracy, distinguishing between routine activities and instances of falls, as noted in
[19]. The application of Doppler radar systems holds promise in elderly healthcare mon-
itoring, potentially eliminating the need to attach sensors to the body. In this domain,
Frequency-Modulated Continuous Wave (FMCW) radar has demonstrated its applicabil-
ity by detecting both the target’s position and chest micro-motions due to breathing, as
referenced in [50]. Moreover, a proposal by [51] introduced an Ultra-Wideband (UWB)
system-on-chip radar sensor capable of monitoring breathing rates, detecting respiration
activity from sub-centimeter chest movements. Additionally, [22] showcased a radar-based
sensor capable of multi-person tracking and monitoring vital signs (such as heartbeat and
respiration) for more than one subject in a practical setting. Furthermore, [52] presented
an assessment of a non-contact Doppler radar-based system, showcasing its efficacy in de-
tecting vital signs, as well as an individual’s presence and activities within an RF shielded
room.

Characterized by elevated blood glucose levels, diabetes is a prevalent and chronic con-
dition that underscores the crucial need for early detection and diagnosis. Despite the
availability of invasive techniques, the increasing focus on non-invasive glucose measure-
ment, offering additional benefits without causing inconvenience to the human body, drives
ongoing research and the exploration of new possibilities [53].

Selecting an optimal operational frequency for glucose monitoring remains a challenge
due to the trade-offs between tissue penetration, spatial resolution, and the need for a
compact structure suitable for wearable devices.

At low frequencies, [27] introduces a design of a portable planar microwave sensor
operating within the ISM band 2.4-2.5 GHz, enabling non-invasive blood glucose level
monitoring. [51] proposes an alternative glucose monitoring approach using an antenna
sensor operating at 4.2 GHz positioned on the pancreas to capture dielectric radiation
signals. A noninvasive glucose sensing method using 3-10 GHz UWB microwave signals
and STFT-based time-frequency analysis demonstrated detection of blood glucose levels
through a simulated earlobe, with energy features and S21 parameters showing sensitivity
down to 50 mg/dL increments [55]. The sensor presented in [50] operates at two reso-
nance frequencies (5.5 GHz and 8.5 GHz) and utilizes the principle that changes in glucose
concentration alter the dielectric permittivity of fingertip tissues, resulting in measurable
shifts in resonance frequency across a glucose range of 89-262 mg/dL. A triple-pole CSRR-
based microwave biosensor presented in [57] with sensitivity of up to 6.2 dB/(mg/mL)
for non-invasive glucose detection over 70-120 mg/dL, using harmonic resonance ampli-
tude variations in the 4.5 GHz range. Although a theoretical correlation exists between
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permittivity and glucose levels, the changes in permittivity due to glucose are subtle, re-
sulting in minute and often undetectable shifts in S-parameter magnitudes. Furthermore,
S-parameters are highly sensitive to body movements and environmental electromagnetic
interference, making them unstable for consistent glucose monitoring [53]. A noninvasive
and continuous blood glucose monitoring system using radar-based microwave imaging is
presented in [58]. Instead of utilizing frequency-tuned electromagnetic sensors, this ap-
proach employs ultra-wideband (UWB) radar to generate high-resolution images of tissues
influenced by glucose concentration changes. The system uses Gaussian pulses spanning a
0-5 GHz bandwidth and demonstrates sensitivity across a glucose concentration range of
0.2 to 5 mg/mL.

On the other hand, millimeter-wave radar sensing has been identified as a promising
non-invasive approach for blood glucose monitoring, utilizing changes in tissue permittivity
and resonant frequency to detect glucose concentration variations with real-time capability
[59]. An approach for monitoring glucose levels, outlined in [38] and [39], utilizes a robust
low-power mm-wave radar system to detect various glucose concentration levels in artifi-
cial blood samples and differentiate between them. A preliminary dielectric spectroscopy
study (300 MHz-67 GHz) revealed that the 50-67 GHz band offers optimal sensitivity to
glucose-induced dielectric variations, providing a favorable trade-off between tissue pen-
etration depth and detection sensitivity [39]. A 60 GHz FMCW mm-wave radar system
was employed to detect glucose-induced variations in tissue dielectric properties by ana-
lyzing S-parameters of backscattered signals, which were further processed using machine
learning algorithms to classify glucose concentrations ranging from 1.0 to 2.0 mg/mL with
a resolution of 0.25 mg/mL [60]. The [(1] introduces GlucoRadar, a contactless and non-
invasive glucose sensing platform that integrates a 60 GHz FMCW radar with a compact
convolutional neural network (CNN) for classification tasks. Operating in the far-field at
a sensing distance of 4.8 c¢m, the system is designed to classify glucose concentrations in
aqueous solutions across a physiologically relevant range of 50-200 mg/dL, with a resolu-
tion of 10 mg/dL. A multimodal sensing system combining 40-GHz millimeter-wave and
near-infrared signals with skin temperature and pressure inputs is employed in [62] to en-
hance glucose prediction accuracy in a non-invasive approach for real-time blood glucose
monitoring.

These recent works emphasize the growing need for the development of high-sensitivity
mm-wave radar system for continuous monitoring of blood glucose levels. Nonetheless,
monitoring blood glucose non-invasively remains challenging, with no reliable commercial
or clinical device developed from various explored techniques [54].

The concept of near-field sensing improvement of a radar system including transmit-
ter/receiver (TX/RX) antennas implies a significant increase in the near-field power density
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radiated by TX into the body without disturbing antenna impedance matching while im-
proving radar sensing by providing more received power reflected from the body into the
RX antenna, representing the signal-to-noise ratio (SNR) enhancement of the radar sys-
tem. It is therefore extremely challenging to develop a compact, wireless mm-wave radar
for biomedical applications meeting the proposed requirements for high near-field sensing,
high levels of integration, and low manufacturing costs.

2.1.3 Limitations of Radar in Biomedical Contexts

While radar technology offers several compelling advantages for biomedical applications,
such as contactless operation, the ability to penetrate dielectric materials, and suitability
for continuous real-time monitoring, it also presents numerous challenges that limit its
effectiveness and broader clinical adoption.

One of the primary limitations of radar in biomedical applications lies in the limited
penetration of electromagnetic waves through biological tissue. Although radar waves can
traverse non-metallic materials, their interaction with human tissue is significantly con-
strained by high dielectric losses and dispersion [03]. The radar signal is often rapidly
absorbed or scattered by skin, fat, muscle, and other heterogeneous layers, resulting in
substantial attenuation and reduced sensing depth. This poses a significant challenge
for accurately detecting physiological parameters located beneath the skin surface. Fur-
thermore, different biomedical targets require specific trade-offs between penetration depth
and spatial resolution, depending on the frequency band employed. For instance, mm-wave
radar systems, typically operating in the 60-100 GHz range, offer high spatial resolution
due to their short wavelengths, making them ideal for detecting fine dielectric changes
near the skin, such as those related to non-invasive glucose monitoring. However, their
limited penetration renders them unsuitable for deep-tissue applications. In contrast, low-
frequency radar systems are better suited for deeper tissue sensing, such as tumor or cancer
detection, though they suffer from lower resolution and require larger antenna structures
[64]. As such, the selection of the operational frequency band is a critical design con-
sideration that must be aligned with the specific biomedical use case, carefully balancing
penetration, resolution, and system-level constraints to ensure optimal performance.

Another major challenge is the air-skin impedance mismatch, which results in strong
reflections at the skin surface and reduced signal transmission into the body. These reflec-
tions dominate the received signal, often masking weaker echoes originating from subsurface
structures or physiological activity [65]. To overcome this, specialized antenna designs and
impedance matching techniques are required, often involving conformal or skin-contact
antennas, which can compromise the radar’s non-contact advantage.
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Radar sensing in biomedical contexts inherently requires operation in the near-field
region, primarily due to the proximity of the radar sensor to the human body and the
shallow depth of many physiological targets. Unlike conventional far-field radar systems,
which assume uniform wavefront propagation and rely on angular resolution at large dis-
tances, biomedical radar must operate within a few wavelengths of the body, where wave
behavior is dominated by evanescent and reactive field components. These components
decay exponentially with distance and do not radiate energy in the classical sense, making
them particularly sensitive to local dielectric properties, a valuable trait when attempting
to detect subtle physiological changes in tissues or fluids [06]. However, operating in the
near-field introduces substantial technical challenges. The electromagnetic field distribu-
tion becomes highly non-uniform and complex, invalidating far-field assumptions such as
plane wave propagation or simple beam steering. As a result, traditional antenna parame-
ters like gain, directivity, and sidelobe level lose their intuitive meaning and must be rein-
terpreted within the near-field framework. Accurate sensing in this regime demands precise
control of the antenna’s spatial field distribution, careful consideration of the antenna, tis-
sue interface, and often, direct contact or conformal placement to minimize mismatch and
maximize energy coupling. In these scenarios, the signal reflected from the target of in-
terest is often buried under stronger reflections from the skin or clothing, and the radar
system must be engineered to focus electromagnetic energy precisely at or just beneath the
skin to enhance sensitivity. This necessitates near-field field shaping and energy focusing
techniques, such as the use of metamaterials, metasurfaces, or lens structures.

Additionally, motion artifacts and physiological variability present significant barriers
to robust radar-based health monitoring. Even minor voluntary or involuntary body move-
ments, such as posture shifts, tremors, or talking, can introduce artifacts that interfere with
the accurate detection of vital signs like heart rate, respiration, or glucose-induced dielectric
changes [07]. Furthermore, intra- and inter-subject variability caused by differences in skin
thickness, hydration levels, age, and anatomical structures, can reduce the repeatability
and generalizability of radar-based measurements across individuals [68].

From a system-level perspective, signal processing and noise rejection are additional
hurdles. Biomedical radar signals are often weak and buried under clutter or environmental
interference. Extracting meaningful physiological information from such signals requires
advanced algorithms for filtering, feature extraction, and classification, many of which are
still in experimental stages and not yet optimized for real-time clinical use [30)].

Moreover, regulatory and safety considerations impose stringent constraints on the
transmit power levels of radar systems, especially in wearable or continuous biomedical
monitoring applications. To ensure human safety and minimize adverse biological effects
from prolonged exposure to electromagnetic fields, radar devices must comply with inter-
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national standards such as those established by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) and the Institute of Electrical and Electronics
Engineers (IEEE) [69]. One of the key metrics used to assess human exposure to EM
radiation is the Specific Absorption Rate (SAR), which quantifies the rate at which the
human body absorbs energy from the electromagnetic field, typically expressed in watts
per kilogram (W/kg). In North America, regulatory agencies such as the Federal Commu-
nications Commission (FCC) and Health Canada have adopted SAR limits aligned with
I[EEE and ICNIRP recommendations. The FCC mandates a maximum localized SAR of
1.6 W/kg averaged over 1 gram of tissue, particularly for devices used in close proximity
to the body, such as wearable sensors and handheld electronics. These constraints are even
more critical for radar systems operating at millimeter-wave frequencies, where energy
absorption by the skin is more pronounced due to the shallow penetration depth of high-
frequency waves. To comply with these exposure limits, biomedical radar systems must
operate at low effective isotropic radiated power (EIRP) levels, often well below 10 dBm.
While this ensures safe operation, it simultaneously restricts signal strength, penetration
depth, and signal-to-noise ratio (SNR), particularly in non-contact configurations or when
sensing subsurface physiological signals.

Finally, despite significant academic progress, a lack of clinical validation and stan-
dardization continues to hinder the translation of radar-based biomedical systems into
real-world healthcare settings. Few radar-based sensing devices have been approved for
medical use, and there is limited availability of standardized testing protocols, reference
models, or large-scale validation studies [70]. As a result, many proposed solutions remain
confined to laboratory environments without crossing the threshold into routine clinical
practice.

In summary, radar technology offers significant promise for biomedical sensing due to
its non-contact, real-time, and adaptable nature. However, its broader adoption in clini-
cal and wearable applications remains constrained by several key limitations. Overcoming
these challenges demands an interdisciplinary approach that combines advances in hard-
ware design, electromagnetic field control, and intelligent signal processing. Among these,
one of the most critical aspects is the ability to manage electromagnetic behavior in close
proximity to the human body, highlighting the importance of near-field sensing as a founda-
tional enabler for effective radar-based biomedical systems. The following section explores
this concept in detail, examining the principles, challenges, and technological approaches
associated with near-field radar sensing.
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2.2 Radar Near-Field Sensing

The rapid advancement of wireless communication technologies using radar systems has
created a pressing need for highly efficient antenna systems that can enhance signal re-
ception, transmission, and overall system performance. With the proliferation of wireless
devices, high-data-rate applications, and the expansion of the Internet of Things (IoT),
optimizing antenna functionality has become a critical focus. One promising technique to
meet these demands is antenna near-field focusing, which involves concentrating electro-
magnetic energy within a confined region close to the antenna surface. By shaping the
near-field distribution, this approach offers several advantages, including improved spatial
resolution, increased signal strength, and enhanced communication reliability. Near-field
focusing is particularly valuable in environments where precise energy delivery and lo-
calized sensing are essential, laying the groundwork for innovative applications in both
communication and biomedical systems.

Generally, the electromagnetic (EM) field radiated from radar transmitter (TX) and
receiver (RX) antennas can be categorized into two distinct regions: the near-field and
far-field regions [06]. These regions exhibit markedly different wave propagation charac-
teristics. As illustrated in Fig. 2.4a, the EM wavefront in the far-field region can be
approximated as planar, which simplifies system analysis and antenna modeling. In con-
trast, EM propagation in the near-field region is more complex and typically requires
spherical wavefront models to accurately describe field behavior. The boundary between
these two regions is commonly defined by the Rayleigh distance, given by 2D?/\, where D
is the antenna aperture and A is the wavelength [71]. The interaction of near- and far-field
components becomes even more critical when multiple antenna elements are positioned
in close proximity, as in array antenna configurations. This interaction is demonstrated
in Fig. 2.4b, where the electric fields in the far-field region constructively combine in a
well-ordered manner, while the near-field region exhibits a more chaotic and non-uniform
behavior due to complex mutual coupling and reactive field interactions.

This section explores various aspects of antenna near-field focusing reported in the
literature, including its principles, techniques, applications, and associated challenges, with
a focus on advancing the understanding and implementation of this technology for modern
communication systems and highlighting the potential of antenna near-field focusing in
the field of biomedical, emphasizing its role in enhancing imaging resolution, targeted
treatments, and non-invasive monitoring.
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Figure 2.4: (a) Electromagnetic wavefronts in the near-field and far-field regions of a
radar TX/RX antenna, where the far-field exhibits planar wavefronts and the near-field
exhibits more complex, typically spherical propagation. (b) [llustration of electromagnetic
field interactions in a multiple-source (array) antenna configuration, showing constructive
interference in the far-field and disordered field behavior in the near-field due to mutual
coupling and reactive effects [66].

2.2.1 Microwave Near-Field Antenna Technologies

Historically, from the first-generation (1G) to fifth-generation (5G) wireless systems, the
near-field region was relatively small, typically limited to a few meters or less, because
of the use of lower frequencies and compact antenna arrays. As a result, most communi-
cation systems were efficiently designed under the far-field assumption [66]. However, in
emerging 6G networks, characterized by extremely large-scale antenna arrays (ELAA) and
tremendously high operating frequencies, the near-field region can extend to hundreds of
meters, making traditional far-field approximations increasingly inaccurate. In biomedical
sensing applications, similar considerations apply. Due to the close proximity of the radar
antennas to the human body, signal interaction predominantly occurs within the near-field
region. Therefore, accurate modeling and optimization of radar-based biomedical systems
require near-field electromagnetic analysis to ensure proper field focusing, energy coupling,
and signal interpretation in highly localized sensing environments.

Similar to far-field (FF) focusing, which is based on the principle of directivity in
uni-directional antennas, near-field focusing (NFF) aims to concentrate electromagnetic
energy at a specific point within the antenna’s near-field region. This results in a localized
increase in electromagnetic power density within a limited spatial region near the antenna

22



aperture. The fundamental concept behind NFF is to manipulate the phase distribution of
the radiated fields, either by controlling the excitation phases of array elements, adjusting
surface currents, or shaping the aperture field, so that the emitted waves constructively
interfere at the desired focal point. Using a ray-optics approximation, it can be shown
that the phase profile across the aperture must compensate for the varying path lengths
between each point on the antenna or array surface and the focal point. This ensures
that the wavefronts arriving at the focal point are in phase, thereby forming spherical
equiphase surfaces that converge at the targeted location, as illustrated in Fig. 2.5 [72].
Such near-field focusing techniques are particularly beneficial in applications requiring
spatial selectivity and enhanced resolution in the immediate vicinity of the antenna, such
as biomedical sensing and high-precision localization.
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Figure 2.5: convergence of equiphase surfaces generated by electromagnetic sources located
on a planar aperture and directed towards a focal point, F, within the antenna’s radiative
NF region. L, corresponds to the antenna aperture size, and Rp represents the focal
distance [72].

NFF techniques have shown promising advantages in a variety of practical applications
where conventional far-field antenna designs fall short. For example, in certain radio-
frequency identification (RFID) systems, the tagged object is located so close to the reader
that it lies within the reader antenna’s near-field region. In such cases, an NFF-enabled
RFID reader antenna offers improved performance and read accuracy compared to a tradi-
tional FF-focused design [72]. Similarly, in non-contact, non-destructive microwave mate-
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rial inspection, near-field focusing can significantly enhance sensor sensitivity, particularly
when detecting small spatial variations in material properties or testing compact samples
[73]. NFF arrays also find utility in microwave radiometry for temperature sensing, where
concentrated energy enhances measurement resolution and accuracy [6]. Moreover, multi-
focus NFF antennas are being explored for multipoint wireless charging of mobile electronic
devices and in simultaneous wireless information systems, where they can serve as smart
antennas that dynamically focus energy and data streams to multiple targets [72].

To address the growing demand for highly directive and compact NF solutions, a wide
range of antenna technologies and array configurations have been proposed and studied.
Many of these designs are adapted from traditional far-field focused antenna architectures,
including rectangular and circular arrays of printed antennas, arrays of dielectric resonator
antennas, reflectarrays, transmitarrays, and lens antennas. Fach of these configurations of-
fers specific advantages and trade-offs depending on the intended near-field application [74].
In the design of near-field focused antennas, it is common practice to evaluate performance
using conventional FF parameters, such as radiation pattern, antenna gain, directivity,
and sidelobe level. These parameters remain important, as they help assess the antenna’s
ability to minimize unwanted radiation into the far-field region, which is critical in many
NF applications. In short-range and confined environments, reducing far-field radiation
is especially beneficial, it helps prevent interference with nearby wireless systems, miti-
gates multipath propagation effects, and limits unnecessary electromagnetic exposure to
surrounding personnel.

Some existing options comprise pyramidal or conical horn antennas with a dielectric
lens in front of the antenna aperture, ellipsoidal reflector antennas, and leaky-wave (LW)
antennas [75]. In the following, NFF antennas made by slotted waveguide antennas [70],
radial line slot antennas, and arrays of open-ended waveguides have also been proposed.
Indeed, when compared with printed antenna technology, waveguide antennas show a better
efficiency and a higher power handling. More recently, NFF antennas using dielectric
resonator antennas [77], [78] and the surface-integrated waveguide technology [79], [20] have
also been investigated. However, these options are typically bulky and heavy, particularly
when employed in the microwave frequency range, making them less suitable for integration
into compact devices and often less efficient for various applications, including biomedical
ones. As a result, alternative technologies that facilitate the development of planar NFF
microwave antennas are more preferable. Many of these alternatives involve the use of array
antennas, where the phase of each element’s current is adjusted to achieve constructive
interference, effectively focusing all field contributions at the desired focal point [74].

Numerous planar and linear microstrip arrays have been specifically developed and
tested for wireless communication at frequencies spanning 2.4 GHz, 5.8 GHz, and within
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the X-band range [72]. Compared to traditional unfocused microstrip arrays, NFF arrays
primarily necessitate an adjustment in the microstrip feeding network for their operation.
The NFF array serves to enhance the field amplitude within the antenna’s near-field region
while concurrently diminishing the far-field radiation in comparison to the corresponding
FF-focused array. In the context of the millimeter-wave near-field focused array antenna
operating at 35 GHz described in [81], its radiated power is concentrated at a near-field
point, generating a focal spot approximately 15 mm wide and 150 mm deep.

Near-field-focused planar array structures face a multitude of challenges that hinder
their effective implementation in various applications. Their complex design, high profile,
high cost, and dependency on lossy feeding networks collectively pose significant obstacles
in their practical usage. One of the primary limitations lies in their inability to provide
near-field focus in close proximity to the antenna array surface due to the high mutual
coupling between the elements. This shortfall limits their precision and effectiveness, hin-
dering the ability to target specific areas or tissues with accuracy in biomedical applications
or other contexts requiring precise near-field focus. The cumulative impact of these issues
compromises the overall efficiency and practicality of these planar array structures, un-
derscoring the pressing need for innovative solutions to address these shortcomings and
enhance their usability in diverse real-world applications.

Fresnel zone plate lens antennas [73], [71], reflectarrays (Fig. 2.6a) [32], [83], [31], and
transmitarrays (Fig. 2.6b) [35] have also been considered to implement NFF planar lens
antennas, which can be considered as devices that are able to shape the phase-front of
the electromagnetic field radiated by a conventional feed antenna. They are proposed
as alternatives to avoid the complexity and losses introduced by the feeding network of
electrically large NFF microstrip arrays. However, it is important to note that spillover can
significantly reduce their efficiency. Similar to conventional Far-Field focused reflectarrays
and transmitarrays, these devices achieve the necessary phase adjustment by modifying
one or more geometric parameters within the unit cell of the quasi-periodic surface.

Transmitarrays and reflectarrays achieve the required phase modification by suitably
adjusting one or more geometric characteristics within each unit cell of the quasi-periodic
surface used for transmitting or reflecting. In the conjugate-phase method [72], the phase of
excitation for each element in the array is configured to compensate the phase delay caused
by the path between the array element and the specified focal point. This adjustment aims
to ensure that all contributions synchronize constructively at the focal point. When the
focal distance is considerably larger than the size of the antenna, the phase adjustments can
be approximated by a quadratic phase profile (referred to as the Fresnel approximation).
Actually, due to the field spreading factor, the peak of the radiated power density does not
occur at the focal point where all field contributions sum in phase (focal shift) [72].
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Figure 2.6: Basic geometrical configurations of different NFF planar lens antennas: (a)
reflectarray, and (b) transmitarray [82-85]

Reflectarrays combine the promising features of reflector and array antennas into the
realization of high-gain FF-focused antennas. In NFF reflectarrays, the required phase
of the reflection coefficient at the nth element, for focusing at the focal point F, can be
calculated by using a ray-optics approximation. By considering the geometrical parameters
shown in Fig. 2.6a, it follows that each cell of the quasi-periodic surface has to introduce
a phase shift of the reflection coefficient given by [74],

2 (rpg — s +Tpp — T

where r,5 and 7, are the distances of the nth array element from the feeder phase center
S(xs, ys, zs) and the focal point F(zp, yr, zr), respectively. Moreover, rg and rp are the
distances of the array center from the feeder phase center and the focal point, respectively.

In [81], a Near-Field Focusing reflectarray specifically designed for RFID systems op-
erating at 2.4 GHz is presented and assessed. This circular reflectarray measures 80 cm
in diameter and enables the attainment of a focal spot size of approximately 20 cm on a
transverse plane, located at a distance of 90 cm from the center of the reflectarray. For
higher frequencies, an NFF reflectarray designed for operation at 8 GHz was created and
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prototyped to exhibit efficacy in H3N2 virus sanitization [36]. This reflectarray measures
around 16 cm, with both the feed horn and the designated focal point situated at a distance
of 16 cm from the reflectarray surface.

In Near-Field Focusing transmitarrays, the phase compensation applied at the n-th
array element for focusing at the focal point FF is similar to equation 2.1, utilizing the ge-
ometrical parameters depicted in Fig. 2.6b. Unlike a reflectarray, a transmitarray does not
necessitate an offset feed arrangement to evade blockage effects; the feed can be positioned
directly in front of the array without incurring blockage losses. In [37], a simple model for
analyzing an NFF transmitarray is presented, utilizing an array-based approach capable
of addressing the spillover effect at 10 GHz. An 18x18 NFF transmitarray, focused at 6.5
cm from the antenna aperture, demonstrates a spot size of 1.7 cm and a side lobe level of
approximately -13 dB at the focal plane.

In conclusion, this section has provided a comprehensive overview of the existing lit-
erature on near-field-focused antenna technologies. Through this review, the strengths
and limitations of these NFF antennas have been explored and discussed. The examina-
tion underscores the intricate characteristics of these technologies, offering insight into their
strengths and weaknesses across diverse applications. Understanding the intricacies of NFF
antennas is crucial for further advancements in this field, paving the way for innovative
solutions that leverage strengths while addressing the identified challenges. Furthermore,
in the next section, the application of NFF antennas specifically in the biomedical context
is presented, offering deeper insights into their potential uses and challenges within this
critical domain. This exploration will illuminate the specific considerations and opportu-
nities for employing NFF antennas in biomedical applications, contributing to the ongoing
evolution of this technology for healthcare and diagnostic purposes.

2.2.2 Near-Field Antennas in Biomedical Applications

In addition to its pivotal role in enhancing traditional communication systems, antenna
near-field focusing has garnered significant attention for its potential applications in the
realm of biomedicine. The intersection of antenna technology and biomedical engineer-
ing presents a promising frontier for developing innovative solutions that can revolution-
ize healthcare diagnostics and therapeutics. Antenna near-field focusing, when tailored
and adapted to the unique requirements of biomedical applications, holds the promise of
improving imaging resolution, enabling precise targeted treatments, and facilitating non-
invasive monitoring within the human body.

The utilization of antenna near-field focusing in biomedical applications requires a com-
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prehensive understanding of both antenna engineering and biomedical principles. Lever-
aging the principles of near-field focusing enables the customization of electromagnetic
fields to precisely interact with biological tissues in a controlled and targeted manner.
This approach creates prospects for non-invasive imaging methods like microwave and
millimeter-wave imaging, crucial for precise diagnostics that demand improved resolution
and depth penetration.

Due to the lack of widely accepted near-field performance metrics to assist in antenna
selection and design, it is a common practice to initially utilize only far-field characteristics
in the preliminary stages. Criteria fall on phase center and radiation pattern stability,
unidirectional beam [38], and phase linearity across the bandwidth [39]. Other factors that
do not necessarily depend on the observation distance but are affected by the near-field
obstacles are required as well, such as impedance bandwidth [90]. The band falls typically
within the 1-10 GHz interval, as a compromise between opposing requirements: highest
possible body penetration depth, highest possible image resolution, and smallest antenna
size. Frequently used antennas include bowties [91], planar dipole [92] and monopole [93],
slot-based [94], Vivaldi [95], and horn [90] antennas.

Different types of antennas, such as high-profile reflectors or aperture antennas are
frequently used to provide high sensing in the near-field region for biomedical applications
[97]. The quadratic phase for near-field focusing on reflector antennas can be obtained, as
stated in [97], by defocusing the feed away from the focal point. The structure produced
by this method, however, is bulky and unsuitable for low-profile and compact applications.
Planar antennas with a low profile and easy-to-fabricate features present an alternative
option [34]. [98] describes a near-field sensing system for glucose level monitoring that
uses two facing microstrip patch antennas, TX and RX, operating at 60 GHz. However,
the single microstrip planar antenna essentially provides low field intensity in the near-
field region. A near-field focused microstrip array antenna at 2.45 GHz reported in [99]
to maximize the power transmission efficiency between two antennas. However, a large
number of array elements are necessary to achieve high focused power in the near-field
region resulting in a high-profile structure with a complex feeding network design, high
fabrication cost and loss.

Space-fed planar array antennas, such as reflectarrays and transmitarrays, offer an al-
ternative by removing the intricate and expensive feeding networks, resulting in higher
efficiency by modifying the phase front of the radiated fields from the feed [100]. A de-
sign of an optically transparent reflectarray antenna at 5.8 GHz and a bi-layer resonant
wires transmitarray antenna at 157 MHz for power transfer enhancement in near-field are
reported in [101] and [102], respectively. Near-field multi-focus reflectarray and transmi-
tarray apertures illuminated by numerous horn antennas are also shown in [103] and [101]
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with a distance of 9.6 A at 5.8 GHz and 9.3 X\ at 28 GHz, respectively. In [105] a folded
transmitarray structure fed by a horn antenna at a spacing of 2.2 X is proposed to con-
centrate power in both the near and far field at 2.45 GHz. Since the feed is not in the
near-field radiation zone, the feeding blockage has no impact on the radiation of the trans-
mitarrays in comparison to the reflectarrays [106]. In the literature on near-field focusing,
existing transmitarray antenna designs do not possess the capacity to seamlessly integrate
with a low-profile radar system operating at mm-Wave frequencies. This limitation is at-
tributed to their conspicuous high-profile structures, along with their reliance on a bulky
feed antenna positioned at a considerable distance from the aperture.

Focusing techniques have been applied in biomedical engineering to improve spatial
resolution in imaging systems or to increase the temperature in size-limited spot regions.
In microwave hypothermia applicators, for instance, the deposited power density must
be maximized in a limited spot area around the diseased tissue without overheating the
surrounding healthy tissues [107], [10&], [109], [110]. Further applications could exist in
communication/tracking systems for wireless endoscopic capsules or in antennas for remote
monitoring of vital signs [111].

In recent years, the endoscopic evaluation of disease activity has become a crucial clin-
ical practice, playing a substantial role in medical diagnosis, prognosis, and monitoring.
These techniques predominantly rely on non-invasive approaches to diagnose endoscopic
diseases such as gastrointestinal tract diseases, tumors, infections, and more. However,
these applications face critical limitations due to various factors, including the size of the
capsule, low data transmission rates, and inefficient antenna propagation. Hence, the de-
velopment of an antenna with superior performance parameters is imperative to address
these challenges and enhance the efficacy of these diagnostic tools. Wireless endoscopy
has garnered significant attention as it provides a non-invasive method for diagnosing and
treating patients. This technology offers a means of conducting endoscopic procedures
without the need for invasive techniques [112]. In endoscopic systems, the antenna plays a
crucial role in gathering image data used to examine gastrointestinal-related diseases and
transmitting this information to external interfaced units. However, designing antennas
specifically intended for in-body applications remains a significant challenge for researchers
worldwide. Several critical factors, including antenna size, bandwidth, patient safety, and
various security considerations, must be carefully considered in the design process. These
complexities contribute to the challenge researchers face in developing antennas suitable for

in-body medical applications [ 12]. Certainly, the intricate dielectric properties of human
tissues pose a significant challenge, particularly the necessity for wide bandwidth in such
medical applications. In a recent study introduced in [I113], a microstrip antenna design

capable of delivering ultra-wideband performance suitable for endoscopic applications is

29



presented. This antenna is specifically engineered to operate within the ISM 2.4-2.4835
GHz frequency band, addressing the need for broader frequency coverage essential in med-
ical imaging and diagnostic procedures.

Monitoring blood glucose levels non-invasively has posed a considerable challenge. Few
devices offer truly non-invasive, accurate, and reliable measurements. Various non-invasive
techniques have been explored, including Bioimpedance spectroscopy, Electromagnetic
sensing, Near Infrared (NIR) spectroscopy, Optical coherence tomography, and Ultrasound.
However, none of these methods has yet led to the development of a reliable commercial or
clinical glucose monitoring device, as mentioned in [114]. Additionally, efforts have been
directed towards non-invasive epidermal blood glucose monitoring from interstitial fluids
and sweat. While some devices exist, their reliability still needs to be rigorously tested
against gold standard clinical methods in extensive trials, as highlighted in [115]. Conse-
quently, the development of a completely contactless method for monitoring blood glucose
levels remains relatively rare.

In a recent study discussed in [116], a novel technique was proposed to measure blood
glucose levels utilizing temperature readings from the eardrum and the inner surface of the
head obtained by a contactless thermometer. The method capitalizes on the correlation
between temperature elevation and the increase in blood glucose levels that follows food in-
take. The researchers developed an empirical equation to account for these relationships in
order to estimate blood glucose levels based on eardrum temperature. Evaluation through
Standard Clark error grid analysis revealed that the technique demonstrated an average
accuracy range of approximately 87.5% in estimating blood glucose levels, as reported in
[116]. The current focus on contactless techniques for physiological monitoring predomi-
nantly revolves around video-based or radar-based methods. However, changes in blood
glucose levels do not typically produce significant alterations detectable by video-based
approaches. Similarly, there is a lack of evidence supporting the measurable detection of
blood glucose changes using radar technology. The method based on eardrum temperature
for contactless blood glucose monitoring shows promise; however, its suitability for daily
blood glucose monitoring can only be confirmed after a comprehensive large-scale clinical
trial to assess its efficacy and reliability.

In medical microwave imaging (MMWTI), the antennas usually operate at close distance
from the body and are required to pick up weak echoes from the inside that are masked
by high skin reflection. The near-field antenna behavior strongly determines how the
received signals affect the effectiveness of the imaging algorithms. In the context of medical
microwave imaging, it is common to assume conventional far-field radiation behaviors for
antennas, as indicated in [90]. Antennas are pivotal in both stages of the imaging process,
particularly due to their close proximity to the body for link budget considerations. The
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Figure 2.7: Schematic representations of breast, antenna and tumor showing signal scat-
tering in a normal breast and a breast with a tumor [119]

weak signals scattered by tumors face additional attenuation due to body penetration loss,
while SAR limitations restrict the maximum incident power. The antennas’ extremely close
proximity to the body necessitates a meticulous consideration of antenna characteristics
that are usually overlooked in the postprocessing of imaging signals [90].

Microwave breast imaging (MBI) employs lower-power, longer-wavelength signals (as
compared to X-ray mammography) to gather information about breast tissues, offering
a potentially safer and more accurate method for routine breast scanning. However, a
significant challenge in this technology has been the substantial reflection of signals from
the skin of the breast. Many techniques to reducing the signal reflection at the breast
skin have been employed [117], [L18]. Most of the approaches use an intermediate solution
between the antenna and the breast, but no significant success has been achieved thus far.
[119] presents a method to reducing the effect of signal reflection from the breast skin by
placing the antenna in-contact with the breast skin. The described method involves treating
the skin as a layer of the antenna substrate operating at 2.54 GHz, and the influence of the
antenna’s contact with the skin is integrated into the antenna’s design. Consequently, this
design enables the placement of the antenna directly on the breast skin. This approach
aims to decrease the signal scattering from the skin, directing more of the transmitted
signal towards the tumor. This enhancement potentially increases the sensitivity of tumor
detection, as illustrated in the provided Fig. 2.7.

Further advancements in microwave antenna design for biomedical applications are
crucial to establish highly efficient devices capable of enabling real-time health monitoring.
The existing efforts, although commendable, face a notable challenge due to their limited
efficiency, largely attributed to the inadequate consideration of near-field aspects in antenna
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design. The optimization of antennas for medical purposes demands a more comprehensive
integration of near-field principles [120].

2.2.3 Limitations of Existing Near-Field Antennas

Despite the increasing use of antennas in biomedical sensing, several technical challenges
hinder their effectiveness and integration into practical healthcare systems. One of the most
critical issues is the inappropriate selection of the operational frequency band. Millimeter-
wave systems provide high spatial resolution but suffer from limited penetration, making
them ideal for shallow sensing tasks like glucose monitoring, whereas low-frequency systems
enable deeper penetration for applications such as tumor detection but sacrifice resolution.
Therefore, frequency selection must be carefully aligned with the specific biomedical ap-
plication to ensure optimal performance.

Additionally, many conventional antenna structures are physically complex, high-profile,
and costly to fabricate, particularly due to the use of lossy feeding networks and multilayer
designs. These characteristics make them unsuitable for compact, low-cost, and wearable
implementations. Solutions to this include adopting simplified, low-profile, feedless designs
that minimize fabrication cost while maintaining near-field performance.

A common design limitation is the continued reliance on traditional far-field antenna
principles, which fail to account for the complex electromagnetic interactions that occur
when the antenna operates in close proximity to the human body. In such cases, near-field
theory must be applied to accurately model and design antennas capable of focusing energy
in localized tissue regions.

Impedance mismatch between the near-field antenna and the human body presents
another major constraint. Biological tissues exhibit high losses and heterogeneous dielectric
properties, often leading to significant reflection losses at the interface. This mismatch
can be mitigated by incorporating intermediary matching layers, such as metamaterial
or metasurface interfaces, which help bridge the impedance gap and enhance coupling
efficiency.

Furthermore, many existing designs fail to concentrate electromagnetic power precisely
at the intended sensing location. Poor spatial focusing reduces sensitivity and signal-to-
noise ratio (SNR). This can be addressed by designing antennas or metasurfaces that direct
near-field energy to specific targeted regions within the body, thus enhancing localized
sensing performance.

Beyond these core challenges, additional factors further limit existing near-field antenna
performance in biomedical scenarios. One such issue is the lack of adaptivity in dynamic
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environments. The human body is continuously changing due to motion, posture, and
physiological variability, but many antennas are statically designed. This motivates the
use of reconfigurable or tunable metasurfaces that can dynamically adjust the focal point
and impedance matching in real time.

Another significant limitation is the low spatial resolution in multi-layer tissue environ-
ments, where traditional antennas struggle to distinguish subtle dielectric changes between
adjacent tissue layers. Multi-frequency or dual-band near-field antennas can be used to
probe at multiple depths, offering layered insights and improved diagnostic capability.
When multiple antennas are arranged in close proximity, mutual coupling often distorts
field uniformity and affects performance, especially in multi-radar or distributed sensing
systems. Incorporating decoupling structures or metamaterial isolators can effectively mit-
igate this problem and preserve signal fidelity.

There is also a lack of standardized testing procedures and benchmarking for evaluat-
ing antenna performance in biomedical contexts. This hinders fair comparison and clini-
cal translation. The development of standardized tissue-mimicking phantoms and public
datasets can help unify validation efforts across different research groups.

To help mitigate some of these design and implementation barriers, many researchers
have turned to commercially available radar modules, which offer compact, integrated,
and user-friendly platforms. These radars typically consolidate the TX/RX antennas, fre-
quency generation, signal processing, power management, and communication interfaces
into a single device. Available in various frequency bands, such as 24 GHz, 60 GHz, and
77-79 GHz, they offer flexibility and accessibility for a wide range of biomedical sensing
tasks. Their plug-and-play nature and low-cost production make them attractive for rapid
prototyping and continuous health monitoring. Furthermore, they eliminate the need for
costly external equipment like vector network analyzers and significantly simplify the sys-
tem development pipeline.

However, the integrated antennas in these commercial radar systems inherit the same
fundamental limitations as conventional near-field antennas, namely poor impedance match-
ing with biological tissues, lack of spatial field control, and inability to dynamically focus or
steer the energy. These limitations restrict their sensing precision, especially in contactless
or shallow-depth biomedical applications.

To overcome these issues without modifying the internal radar hardware, metasurfaces
have emerged as a powerful external augmentation strategy. These ultra-thin, subwavelength-
engineered structures can be precisely designed to reshape and focus electromagnetic en-
ergy, acting as a lens or matching interface between the radar and the human body. When
integrated with commercial radar systems, metasurfaces enable enhanced near-field fo-
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cusing, multi-point sensing, frequency-selective behavior, and improved SNR—all while
preserving the radar’s compact form and ease of use. Therefore, metasurfaces represent
a critical innovation that bridges the gap between affordable, commercially viable radar
platforms and the high-performance demands of biomedical sensing applications.

2.3 Metasurface Near-Field Focusing Approaches

In recent years, metasurfaces open a whole new paradigm in physics and engineering by en-
abling new microwave properties not achievable using conventional antennas and microwave
devices [121]. A metasurface with hundreds or thousands of periodic subwavelength ele-
ments can be fabricated with a simple and low-cost PCB process, especially when produced
in large quantities. By tailoring the properties of each element of the metasurface, one can
spatially control the phase of scattered waves and consequently mold the wavefronts [122].
Based on this concept, it is easier to realize near-field focusing. Owing to the properties of
manipulating waves flexibly, metasurface of microwave near-field focusing is a promising
technique for high-efficiency Wireless Power Transfer as well as biomedical sensing.

2.3.1 Metasurface Theory and Principles

Metasurface antennas represent an emerging class of advanced electromagnetic devices en-
gineered to precisely manipulate and control the behavior of electromagnetic (EM) waves.
These antennas typically consist of two-dimensional arrays of subwavelength-sized resonant
elements, periodically arranged on a planar surface. The strategic design of these elements
enables wavefront shaping, polarization control, and frequency-selective manipulation, of-
fering compact, high-performance solutions for modern communication and sensing appli-
cations. When integrated with radar systems, metasurface-enhanced radar architectures
provide numerous advantages over traditional designs, including higher spatial resolution,
enhanced sensitivity, and improved target localization. These capabilities are particularly
significant in biomedical applications, where precise energy focusing, compact design, and
high sensitivity are required for non-invasive physiological monitoring and imaging.

Metasurfaces, broadly classified as planar metamaterials with subwavelength thick-
ness, are inherently compatible with modern fabrication methods such as lithography;,
inkjet printing, and nano-imprinting techniques. Both metamaterials and metasurfaces
are rapidly growing fields of research due to their ability to achieve spatially varying EM
responses in terms of phase, amplitude, and polarization. By engineering the geometry and
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arrangement of their constituent unit cells, metasurfaces can realize diverse functionalities
such as beam deflection, absorption, lensing, and filtering.

In terms of their functional operation, metasurfaces can be categorized based on their
electromagnetic response mechanisms. These include frequency-selective surfaces (FSSs),
high-impedance surfaces, perfect absorbers, and reflective/transmissive phase gradient sur-
faces, among others. As defined in [123], FSSs are a subclass of metasurfaces distinguished
by their use of periodic resonant elements that produce sharp frequency-dependent reflec-
tion or transmission characteristics. This targeted spectral behaviour makes FSSs a practi-
cal choice for applications that need spatial filtering or precise control of specific frequency
bands, without requiring the broader design complexity found in more general-purpose
metasurfaces.

From the perspective of antenna and microwave engineering, FSSs are typically re-
alized using planar and periodic arrays of metallic elements—such as patches, strips, or
slots—deposited on a dielectric substrate. These elements are usually electrically thin
(negligible thickness compared to the wavelength) but large relative to the metal’s skin
depth, allowing them to be accurately modeled as perfectly conducting, resonant scat-
terers. This approximation is also applicable to complementary FSS structures, such as
slot-type (aperture) arrays. However, aperture-type FSSs become less effective when the
cavity area approaches the size of the unit cell, limiting their design flexibility [124].

The geometry and arrangement of F'SS unit cells strongly influence their spectral charac-
teristics. Traditional FSS designs have employed square or hexagonal wire mesh structures,
commonly referred to as capacitive grids. These configurations function as spatial filters,
allowing EM waves at certain resonant frequencies to pass while blocking or reflecting oth-
ers. This behavior emerges when the frequency of the incident plane wave matches the
natural resonance of the unit cell. As a result, FSSs can selectively transmit or reject EM
waves, and are best identified as two-dimensional spatial filters [123].

One notable characteristic of traditional FSSs is the presence of side lobes in both
transmitted and reflected fields. These side lobes arise from the resonant size of the array
elements and the periodic spacing between them, often resulting in grating lobes when the
periodicity is not deeply subwavelength. However, in contrast to classical FSSs, modern
metasurfaces are composed of unit cells that are much smaller than the operating wave-
length, effectively suppressing grating lobes and producing smoother frequency responses

[125].

The field of frequency-selective surfaces has been extensively studied for over six decades,
and numerous microwave and optical FSS structures have been proposed and realized
[123]. These structures have evolved to support diverse applications ranging from stealth
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Figure 2.8: Scheme of the freestanding array of metallic patches of zero thickness under
oblique incidence [126].

and shielding to bandpass filtering, antenna radomes, and near-field focusing systems. In
the context of metasurface antennas, FSS-based designs offer a cost-effective, planar, and
lightweight platform to achieve frequency-selective beam control in compact radar and
sensing systems.

In order to present the basic principles of FSS design, it is considered a freestanding
periodic surface built from the periodic arrangement of conducting zero-thickness metallic
patches as shown in Fig. 2.8. The array extends along the x-axis and y-axes, with period-
icieties P, and P,, respectively. The periodic surface is located at z=0 and a plane wave
impinges on this surface from the direction defined by 6. As can be seen in Fig. 2.8, the
plane of the incident is xz, and the wave is TE-polarized (its electric field is directed along
the y-axis). Therefore, in the scanned H-plane, the impinging field is always parallel to
the metallic patches, having a strong interaction with them. Due to periodicity, Floquet
(space) harmonics are excited by the incident plane wave as it reaches the array [120].
These scattered waves can be either TE or TM polarized. The wavenumbers in the x- and
y-axes associated with the space harmonics are given by,

2mm 2nm

kym = kosing + 2 , kyn = P, (2.2)
where m,n = 0,+1,£2,..., and kg = % is the free-space wavenumber, with f being the
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frequency and ¢ the speed of light in vacuum. Each excited space harmonic is defined
by a pair of integers mn with the following associated complex wavenumber along the
z-direction:

(er)

k(sr) . an = \/l{?gST - kj:,m - k;,n f > fc,mn
- . . (er)
—j0mn = =i\ Ko+ Ko = KiEr f < i

z,mn

(2.3)

where fc(%)n is the cutoff frequency of the mnth harmonic, namely, the frequency that
satisfies,

’y’?nn = k‘i,m + k;,n - ]{TSET =0 (24)

and that can be expressed as,

(er) 1 mc . mce. 2 nc. 2 nc . 2
fc,mn = m X {?smﬁ—i- \/57" {(F) + (F> } - (F Sm@) } (25)

Yy Y

The above cutoff frequency is determined by the array periodicities (P, and P,), the
angle of incidence (6), and the medium dielectric constant (e,.), but it is independent of the
patch dimensions. For convenience, the cutoff frequency is here formulated in the presence
of a homogeneous dielectric medium with permittivity ,. This fact is represented by the
superscript (g,), although free space is assumed in the present section (g, = 1), which will
be denoted by the superscript (1). Note that, for the case of normal incidence (6 = 0°),
2.5 reduces to the well-known expression of the modal cutoff frequencies in a rectangular
waveguide of dimensions P, x P,.

At a given frequency, as 2.3 reveals, kﬁ?nn can be purely imaginary or real, defining
evanescent (slow) or grating (fast) waves, respectively [124]. Specifically, each harmonic

is an evanescent wave that decays along the z-direction below its cutoff frequency fc(%q)m

Above this frequency, k:Q),m is no longer imaginary and the associated harmonic becomes
a grating (plane) wave that propagates along a direction parallel to the vector k,,, =

KX + kyn + kionn2.

In this analysis, the incident plane wave in Fig. 2.8 corresponds to the dominant
mn = 00 Floquet harmonic. This wave propagates at any given frequency along the
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direction defined by 6 (note that kifg()) is always real). In most microwave engineering
and antenna applications, the working frequencies are within the so-called no grating lobes
regime [1241]; only the dominant Floquet harmonic is propagating while the remaining
harmonics are evanescent. In general, each Floquet harmonic can be either TE or TM
polarized, and has the following associated characteristic impedance [121]:

(er) JWHo (er) JVmn
ZTE,mn(w) - . ) ZTM,mn(w) - WEQE, (26)
The above expressions tell that, depending on the propagative or evanescent nature
of the harmonic, its associated impedance is real or purely imaginary. In particular, in-
ductive/capacitive impedances correspond to TE/TM evanescent waves [124]. Due to the
assumed impinging TE polarization and plane of incidence, the unit cell of the problem
under consideration can be seen as a transmission line formed by two parallel-to-zz-plane
electric walls separated by a distance P, and two parallel-to-yz-plane Floquet walls sepa-
rated by a distance P, (see Fig. 2.8). It should be noted that the set of excited Floquet
harmonics corresponds to the modal solutions of this transmission line. TM,,, harmonics
do not satisfy the specified boundary conditions and are not excited in the structure under
consideration.

The methodology previously used in [126] of the TE incidence case can equally be
applied when the exciting plane wave is TM-polarized or it impinges in other planes. In
practice, partially reflecting sheet arrays are normally illuminated by a single central feed,
with the feeding element oriented so that the excited polarized electric field has a strong
interaction with the dipoles. Therefore, the characterization of the periodic array under
TM polarization becomes relevant when the scan plane of incidence is yz (E-plane). An
equivalent network can also be proposed for TE polarization in E-plane or TM in H-plane,
although these cases are less relevant from a practical point of view. Thus, in this section,
the incidence of a TM-polarized plane wave in the E-plane of a array is modeled [120],

2 2
ko = Z”T . kyn = kosing + g (2.7)
x Yy

The cutoff frequencies associated with higher order harmonics can be computed as,

(er) 1 nc . nc.2  mc.2 me . 2
Sesmn = - 20 X {Fsme—l— \/é“r {(F) + (F) } — (F sin 6) } (2.8)
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The periodic problem under consideration can be reduced to a single unit cell problem
with magnetic walls parallel to the yz-plane and Floquet walls (periodic boundary condi-
tions) parallel to the xz-plane. Therefore, TEq, harmonics do not satisfy the boundary
conditions, and are not excited by the TM polarized impinging wave.

In the analysis of periodic structures such as frequency-selective surfaces, three funda-
mental operating regimes can be identified based on the relationship between the structural
periodicity and the operating wavelength [126]. At long wavelengths, where the periodicity
D of the FSS is much smaller than the wavelength, the structure operates in what is known
as the quasi-static regime. In this regime, the periodic surface can be effectively treated as
a homogenized medium, and its electromagnetic behavior can be accurately modeled using
effective medium approximations. As the frequency increases and the wavelength becomes
comparable to the periodicity, the structure enters an intermediate regime in which the
FSS elements may become electrically resonant. Here, circuit-based models can still be
applied to describe the surface, typically using lumped-element representations. However,
due to the complexity of the resonance phenomena, the lumped parameters can no longer
be determined analytically and must instead be extracted through full-wave simulations
and inverse modeling techniques. When the D approaches the guided wavelength A,, the
FSS behavior becomes increasingly nonlinear. In this regime, multiple Floquet harmonics
can propagate simultaneously, leading to intricate modal interactions. Traditional circuit
models become inadequate, and a full multi-mode network approach is required to accu-
rately represent the electromagnetic response of the structure, even for simple resonant
elements.

While the conventional Floquet analysis in FSSs primarily focuses on propagating har-
monics observable in the far-field, the electromagnetic behavior in the near-field region
is governed by a different spectral composition, where evanescent Floquet modes con-
tribute significantly to the local field characteristics. As described in (2.3), each Flo-
quet harmonic is associated with a longitudinal wave number k;ffn)n When the operating
frequency is below the cutoff frequency fc(i’,;)n of the mn-th harmonic, the wave number
becomes purely imaginary, and the mode is classified as evanescent. In conventional mi-
crowave applications, the analysis often assumes the no-grating-lobe regime [121], where
only the (m,n) = (0,0) fundamental harmonic is propagating, and all higher-order modes
are evanescent and neglected in the far-field.

However, in near-field applications, especially those involving sensing at distances on
the order of a wavelength or less, these evanescent harmonics cannot be ignored. They
exhibit exponential decay in the direction normal to the array and contribute substantially
to the field distribution in close proximity to the structure. The total field, therefore, must

39



be expanded as a superposition of both propagating and evanescent harmonics:

E(r,y,2) = 3 By 0) e thun) =it s 2.9)

Here, the exponential term along z may describe either oscillatory (for propagating
modes) or decaying (for evanescent modes) behavior, depending on the real or imaginary
nature of k;gafn)n In particular, evanescent harmonics dominate power delivery and field
localization in metasurface-based biomedical sensing systems, where the radar operates
in close contact with the body. These harmonics are crucial for achieving subwavelength
resolution, enhanced local field intensities, and impedance matching to lossy, dispersive

biological tissues.

The radiating near-field region, also known as the Fresnel region, represents an inter-
mediate electromagnetic zone that exists between the reactive near-field, which lies very
close to the radiating surface, and the far-field, where planar wavefront assumptions and
angular uniformity dominate. Unlike the reactive near-field, which is characterized by
stored, non-radiative energy, the radiating near-field contains a combination of radiative
and reactive components. This region is distinguished by non-uniform phase fronts, curved
wavefronts, and spatially varying amplitude and phase distributions across the aperture.
In this zone, the total electromagnetic field is formed by the superposition of multiple
components, propagating Floquet harmonics with real-valued longitudinal wave numbers,
responsible for carrying energy away from the structure; evanescent Floquet harmonics
with imaginary wave numbers, which decay exponentially and contribute to field shaping
in the immediate vicinity of the structure; and reactive fields, which store energy locally
and influence impedance behavior near the source. The field strength and direction in the
radiating near-field depend strongly on both the radial distance from the source and the
angular position, making its analysis significantly more complex than the far-field, where
fields depend only on angular direction and are typically uniform in amplitude and phase.

This region is particularly important in applications requiring beam shaping and en-
ergy focusing, such as near-field metasurface design for biomedical radar sensing. In such
systems, the target medium, often human skin or internal tissue, frequently lies within
the radiating near-field of the metasurface. This proximity is crucial, as it allows radi-
ating near-field modes to deliver real power into lossy biological media, enabling deeper
tissue penetration and improved signal sensitivity. Unlike purely reactive or evanescent
fields, which are confined close to the source and do not radiate power, radiating near-field
modes enable energy transmission to the target while maintaining the ability to shape the
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spatial field profile. Therefore, near-field beamforming and subwavelength focusing are
achievable primarily by manipulating field interactions within this region.

2.3.2 Metasurfaces in Near-Field Antenna Design

To get around the current limitations of bio-electronic interfaces, metasurfaces with sub-
wavelength structures can be engineered to control electromagnetic fields around the human
body [127]. Integrated metamaterials [128] and superstrate structures with reflective or
transmissive functionality are utilized in near-field sensing by invoking the arrays’ mecha-
nism and taking advantage of the compact feeding antennas’ design compatibility to offer
suitable features in the near-field region [120]. Particularly, an engineered superstrate
with two layers of perforated aluminium sheets is used in [129] as a near-field manipu-
lator to adjust the electromagnetic radiation pattern of a horn antenna by modifying its
near-field components in the frequency range of 10 GHz to 12 GHz. [130] reports a trans-
missive programmable metasurface for high-resolution far-field and near-field detection.
Each metasurface unit cell is made up of five microstrip layers with an airgap in between,
and a programmable phase shifter is used to adjust the phase shift for various focusing
points at 5.75 GHz. These approaches are not suitable for mm-wave frequency bands, and
the proposed structures have a complex design, high profile, and high manufacturing costs.

As suggested in [131], placing an appropriate solid or liquid media between the radar
antenna and the tissue reduces antenna mismatching. To mitigate impedance mismatch,
however, a number of media layers are required, resulting in a high-profile structure that
poses integration difficulties, and applying liquid onto a person’s skin can evoke discom-
fort. Metamaterials and metasurfaces, which are more practical and easier to integrate with
radars, can also be used to improve antenna matching in the presence of tissue [132-135].
[30] presents a bow-tie antenna design that makes use of metasurfaces as an impedance-
matching layer between the biological tissue and the antenna to enhance radiating per-
formance when close to the human body at 2.56 GHz. However, creating a metasurface
with the intention of enhancing antenna matching close to the human body is insufficient to
deliver a highly near-field focused power directed towards the body, and to significantly en-
hance the near-field sensing capabilities of the radar. Based on our extensive review of the
literature, we have observed that none of the metasurfaces documented so far possesses a
suitable structure that combines low profile and high integration capability, particularly to
accommodate mm-wave frequencies. This deficiency hinders their integration with radar
sensors, thereby limiting their potential for enabling high-precision sensing in near-field
biomedical applications.
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Specifically in biomedical applications, utilizing metasurface offers several advantages:
i) Miniaturization: Metasurface antennas can be designed to be extremely compact, al-
lowing for minimally invasive or even implantable sensing devices. This is crucial for
biomedical applications where size constraints are important, such as implantable medical
devices or wearable sensors [130]. ii) Beamforming and Reconfigurability: Metasurface
antennas can be engineered to focus or steer electromagnetic waves with high efficiency.
Recently, designing reconfigurable focusing apertures using metasurfaces has been demon-
strated with promising results [137]. In the context of biomedical sensing, this can enable
more precise targeting of specific tissues or regions of interest, improving the accuracy of
measurements and reducing interference from surrounding tissues. iii) Multifunctionality:
Metasurfaces can be tailored to operate over a wide range of frequencies, from microwave
to terahertz and beyond [138]. This adaptability is valuable for diverse biomedical sensing
modalities, such as microwave imaging, terahertz spectroscopy, and even multi-modal sens-
ing applications. iv) Improved Signal-to-Noise Ratio: Metasurface antennas can enhance
signal quality and reduce interference from the surrounding environment. This is particu-
larly important in biomedical sensing applications where weak signals need to be detected
with high sensitivity [139]. v) Enhanced Resolution: Metasurface antennas can provide
superior spatial resolution compared to traditional antennas, which is essential for appli-
cations like medical imaging, such as microwave breast imaging or terahertz spectroscopy
for tissue analysis [110]. vi) Versatility: Metasurface antennas can be designed to work
with various sensing techniques, including radar-based sensing, near-field communication,
and passive sensing, making them suitable for a wide range of biomedical applications,
from disease detection to physiological monitoring [111]. vii) Frequency Selectivity: Meta-
surfaces can be engineered to have sharp frequency response characteristics, allowing for
precise sensing within specific frequency bands. This is useful for differentiating between
different biological tissues or detecting specific biomarkers [120]. viii) Integration with
Electronics: Metasurface antennas can be integrated with electronic components for data
processing and communication. This integration is essential for real-time monitoring, data
storage, and transmission in biomedical sensing systems [139]. While metasurface antennas
hold great promise for biomedical sensing, there are still several challenges to overcome,
including issues related to biocompatibility, power requirements, and long-term stability.

[103] presents a new design of near-field focused metasurface for high-efficiency wireless
power transfer with multifocus characteristics. A general synthesis procedure is outlined
to design metasurfaces with desired multiple foci in the near-field zone. Different feeding
and focusing designs of the printed tridipole metasurfaces 20x20 elements are designed at
5.8 GHz as shown in Fig. 2.9.

A near field (NF) focused lens antenna fabricated by the 3D printing method for wireless
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Figure 2.9: simulation model and E-field intensity on the focal plane at 5.8 GHz for Near-
field focused metasurface of 500x500 mm with 20x20 elements [103]

power transmission (WPT) systems are proposed in [112]. The lens antenna operating at
35 GHz, is employed as the transmitting antenna to focus the electromagnetic power and
reduce the diffraction loss during power transmission in free space. The aperture size is
100.8 x 100.8 mm?, with a designed focused length of 300 mm.

The integration of metasurfaces with traditional antennas presents a multitude of ad-
vantages in near-field across various applications. However, especially within the realm
of biomedical sensing, this approach remains largely unexplored and significantly underre-
ported. Combining metasurfaces with conventional antennas offers potential benefits such
as enhanced performance, increased sensitivity and resolution, and the ability to manipu-
late electromagnetic waves in innovative ways.

2.4 Summary and Gaps in Literature

This chapter provides a comprehensive overview of the latest advancements in near-field
sensing technology specifically tailored for biomedical applications. The research conducted
in this field has been categorized into two main areas: near-field-focused antennas and near-
field radar sensing for biomedical applications. The chapter delves into these categories,
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highlighting the current progress, innovations, and the challenges that researchers are facing
in these specialized areas of research.

In the hardware design of a radar system, both the radar chipset architecture and the
design of the accompanying antenna are essential considerations. In bio-sensing applica-
tions, the radar hardware’s performance is assessed by leveraging the near-field sensing
capabilities of the antenna when positioned in close proximity to the human body. One ef-
fective method involves using the transmitter antenna’s radiated power to concentrate the
electric field at a particular location near the radar surface. By doing so, the system can
receive reflected signals carrying information from the target, enhancing near-field sensing
capabilities. This approach improves the system’s ability to detect and gather information
when the radar is placed in close proximity to the target, such as the human body in
bio-sensing applications.

The review of literature in the field of biomedical applications highlights several critical
challenges in the development of millimeter-wave (mm-wave) and low-frequency anten-
nas. First, the scarcity of works pertaining to these frequencies limits the advancement
of applicable technologies in the biomedical domain. For instance, planar array antennas
operating in the near-field suffer from several issues, including complex designs, high pro-
files, and lossy feeding networks, leading to inefficiencies and impracticalities in real-world
applications. Moreover, the conventional approach of defining the far-field by placing the
focal point far from the antenna restricts the ability to focus very close to the aperture,
presenting a significant limitation in targeting specific areas in biomedical scenarios. In
the realm of near-field antenna design, it is crucial to emphasize that the far-field design
parameters should not be indiscriminately applied. While radiation pattern, antenna gain,
directivity, and sidelobe level are indeed important considerations in most applications,
they should be interpreted differently in the context of near-field antennas. The primary
objective of near-field antenna design is to optimize the performance and characteristics
of the antenna in close proximity to the radiating source, typically within a wavelength or
less. Therefore, the emphasis shifts towards achieving efficient power transfer, minimizing
near-field distortions, and tailoring the antenna’s characteristics to meet the specific needs
of short-range communication systems. Applying far-field design parameters without mod-
ification in the near-field context can lead to less-than-ideal performance and potentially
negate the benefits of using near-field antennas.

Furthermore, the absence of attention to impedance matching in the near-field signifi-
cantly limits the practical use of these antennas for direct contact with the human body,
a critical aspect in integrating them into medical devices. In medical microwave imag-
ing, antennas are positioned in close proximity to the body to capture faint echoes from
the internal organs, which are often obscured by strong reflections from the skin. Given
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the antennas’ extremely close proximity to the body, it is vital to carefully consider the
characteristics of near-field antennas. The challenge arises when attempting to integrate
these antenna structures with compact devices like radars or sensors, impeding their prac-
ticality in real-time health monitoring applications. Although optimization techniques are
commonly utilized to achieve focus in the near-field, there is a lack of comprehensive near-
field theories, particularly concerning impedance and electric field behavior, representing
a significant gap in this area of research. Most existing reviews primarily concentrate on
near-field antennas with larger sizes and focal points located beyond the free-space wave-
length. As a result, these studies are unsuitable for compact and lightweight integration
into devices meant for real-time health monitoring, a crucial necessity in practical biomed-
ical applications.

Designing antennas for bio-sensing devices poses significant challenges due to various
crucial factors involved in their design. These factors include antenna size, bandwidth,
patient safety, and diverse security considerations. The intricate dielectric properties of
human tissues and the necessity for broad bandwidth present critical limitations in such
applications. Although efforts have been made in blood glucose monitoring, none of the
methods developed have resulted in a reliable commercial or clinical glucose monitoring de-
vice. Moreover, attempts have focused on non-invasive epidermal blood glucose monitoring
from interstitial fluids and sweat. Consequently, the creation of a completely contactless
method for monitoring blood glucose levels remains relatively uncommon. Even with re-
cent advancements in Electrical Impedance Tomography (EIT) for disease diagnosis, such
as lung conditions, there are persisting limitations that need to be addressed, like low spa-
tial resolution and the requirement for real-time monitoring in suitable clinical settings.

Addressing these challenges is crucial for the development of effective, efficient, and
practical antenna solutions for biomedical uses. Metasurfaces are designed to manipu-
late electromagnetic waves upon interaction, enabling precise management of wavefront
shaping, polarization, and other characteristics. Combining metasurfaces with radar tech-
nology results in radar systems that are significantly improved, offering greater resolution,
heightened sensitivity, and improved capabilities in detecting targets. This integration
contributes to progress in biomedical applications.
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Chapter 3

Radar Sensing and Power-Focusing
Enhancement Techniques

Radar systems have gained increasing importance in modern sensing applications due to
their ability to operate across diverse environments and frequency bands, offering robust
performance in both far-field and near-field scenarios. A key aspect of enhancing radar
effectiveness, particularly in applications requiring high-resolution target detection or lo-
calized energy delivery, is the capability to concentrate electromagnetic power in a specific
direction or region. This chapter presents a series of radar sensing configurations and
power-focusing enhancement techniques developed as part of this thesis, aimed at improv-
ing field concentration through the use of passive structures and phase-engineered surfaces.

Three-dimensional dielectric lens structures, including dielectric rod arrays and gradient-
index (GRIN) Luneburg lens designs, are presented, alongside the motivation for transi-
tioning to two-dimensional planar metasurfaces. These structures are designed to ma-
nipulate the spatial phase profile of incident radar waves, enabling improved directivity,
beam shaping, and localized power enhancement. Each design is evaluated through full-
wave electromagnetic simulations, and corresponding prototypes have been fabricated and
experimentally validated. The results demonstrate substantial improvements in spatial
control and energy efficiency, providing the basis for high-performance, compact radar
systems applicable across a variety of sensing and communication scenarios.

Although the primary focus of this thesis is on near-field radar sensing for biomedi-
cal applications, the techniques introduced in this chapter serve as an essential founda-
tion. The lens-based systems presented here are optimized for far-field applications and
general-purpose radar enhancement; however, the underlying principles of wavefront con-
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trol and power focusing directly inform the metasurface-based near-field sensing strategies
developed in subsequent chapters. Notably, all implementations in this work are based on
bistatic radar modules, where separate transmit and receive antennas allow for more flexible
integration of passive focusing elements. While lens integration in bistatic configurations
has been explored in some studies, challenges related to alignment, coupling efficiency, and
form factor remain, especially for compact or body-conformal systems. These early contri-
butions, therefore, establish the groundwork for transitioning from traditional lens designs
to advanced metasurface solutions that offer low-profile, near-field performance tailored to
biomedical environments.

3.1 Problem Statement and Objectives

The rapid evolution of radar sensing in wireless communication technologies has generated
significant interest in radar systems that offer a high level of integration, cost-effective fab-
rication processes, wide-angle scanning capabilities, and enhanced detection ranges [143].

To address these requirements, radar-on-chip modules have been developed and are
now commercially available, offering compact designs and cost-effective solutions across
a broad spectrum of applications. These include contactless sleep sensing systems [1411],

non-invasive blood glucose monitoring [39], in-body cardiovascular dynamics measurement
[145], human respiration monitoring [140], gait analysis and in-home activity tracking [147,

], multi-gesture recognition [149], autonomous driving and intelligent transportation
systems [150], human-vehicle detection [151], road user detection for autonomous vehicles

[152], and surveillance applications [153].

Continuous-wave radars are commonly utilized to measure the velocity of a mobile
entity at a specific distance based on Doppler shifts. The X-band HB100 Doppler radar
module, known for its popularity, accuracy, and affordability, finds extensive utilization in
a range of applications such as automatic door startup, car/house intrusion alarm systems,
collision warning systems, and traffic monitoring [151]. A limitation of this radar system
is its restricted detection range, as it is capable of detecting vehicles up to a maximum
distance of approximately 7 m [155].

Although current radar modules demonstrate suitability for many of these use cases,
they often lack tailored designs for specific scenarios that demand broader coverage, en-
hanced angular resolution, or customized field-of-view characteristics. Most of the radar
module designs include the radar chipsets and the transmitter/receiver antennas which are
implemented in a printed circuit board (PCB), using on-chip or on-PCB antennas. In the
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context of such systems, it is imperative for the antenna to possess a compact form fac-
tor to facilitate seamless integration while simultaneously delivering high gain to ensure
an extended detection range and high efficiency to prevent power loss. Conventionally,
this necessitates distinct antenna design to achieve a varying antenna gain or pattern that
typically entails a complete overhaul of the integrated antennas and subsequent remanu-
facturing of the radar module, leading to substantial associated expenses.

Numerous methodologies have been proposed to enhance the gain of PCB antennas em-
ployed in radar modules, including planar arrays for continuous-wave radar [156] and vivaldi
antennas for handheld through-wall radar [157]. In these traditional methods, achieving
enhanced radar-on-chip performance requires dedicated antenna designs, which often ne-
cessitate a complete redesign and re-manufacturing of the radar module. This process
results in significant costs, making it a challenging approach for applications demanding
tailored performance.

Alternatively, add-on lens and metasurface structures offer straightforward design and
fabrication processes, enabling seamless integration with radar systems to instantly en-
hance their antenna performance [158]. The benefits associated with the utilization of lens
antennas include the straightforwardness of the design, increased resilience to variations
in production parameters, enhanced efficiency due to reduced mutual coupling, and the
often sufficient usage of a single element, such as a patch or slot antenna, positioned at
the focal point of the lens as a feeder. These structures are utilized in a variety of ap-
plications, including radar antenna RCS reduction [159], polarization conversion for radar
sensing applications [160], enhancement of radar antenna directivity, extension of detection
range, improvement of signal-to-noise ratio [161], enhancing radar imaging in extreme cold
environments [162], and enhanced beamforming with high spatial resolution [163]. Su-
perstrate designs incorporating Fabry-Perot resonators and metamaterial theory present
promising approaches in different applications for gain enhancement [164]. In [165], a di-
electric parallel-plate metamaterial waveguide including nine dielectric FR-4 plates with
A/4 airgap is placed above the transmitter and receiver of an HB100 radar antenna sepa-
rately. The overall gain enhancement of 5.5 dB is obtained for the transmitter and receiver
antenna. In [166], an array of patch antennas covered by a flat high-refractive-index meta-
material provided 3.4 dB gain improvement. In [167], a hyperbolic lens antenna is designed
and fabricated for an mm-wave MIMO radar operating at 77 GHz, providing more than
12 dB gain improvement. However, the relatively large dimension of the lens antennas is
challenging at lower frequency bands. To place a lens closer to the feeder for a low-profile
design, the thickness of the lens should be increased, leading to a heavy and high-profile
structure causing multiple reflections between the feeder and lens surface. On the other
hand, using a thinner lens far away from the feeder causes too much spillover with a very-
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high-profile design [167]. Therefore, these gain enhancement methods necessitate intricate
and costly designs, as well as high-profile structures; otherwise, they offer only marginal
improvements in gain, rendering them unsuitable for long-range detection radars.

Furthermore, most studies in the literature focus on lenses designed for integration with
monostatic radar systems, where a single antenna serves as both the TX and RX. However,
such lenses are unsuitable for scenarios where TX and RX antennas are positioned on a
PCB board, as they can introduce beam tilting errors. The research gap lies in enhancing
the performance of a bistatic in-package radar configuration where the TX and RX anten-
nas are co-located and share a single lens structure. This approach eliminates the need for
multi-lens configurations, thereby reducing fabrication costs and design complexity, while
simultaneously delivering improved performance for both the TX and RX antennas. [108]
presents metamaterial lenses designed to enhance 77 GHz bistatic radar systems for long-
range detection in automotive radar applications. Rectangular cylindrical lenses with focal
lengths ranging from 7.7\ to 15.4\ and dimensions of 30.8)\ x 15.4\, mm? were developed
and implemented, offering significant improvements in beam collimation and directionality.
However, the design exhibits a high-profile and bulky structure, which limit its practicality
in compact systems. In [169], three lens antennas for a 122 GHz FMCW radar are eval-
uated. A double plano-hyperbolic lens (DPHL-T) achieves a 19 dB gain but suffers from
bulkiness and back-reflection. A single-surface variant (DPHL-O) offers 11.8 dB gain with
even higher reflection and lower performance. A Fresnel-zoned lens (DFZL) provides 10.6
dB gain with minimal reflection but limited applicability due to lower gain. All designs
are bulky and rely on CNC machining fabrication method. Alternatively, a 3D-printed
hyperbolic lens for a 79 GHz MIMO radar system achieves 14 dB gain [1(1], yet its large
physical size remains a limitation, especially at lower frequencies.

In overall, lens structures explored in the literature face several limitations, including
high-profile configurations, complex designs, large focal point distances, and significant
challenges in manufacturing and integration within bistatic radar modules.

3.2 3D-Printed Dielectric Rod Lens

Given some attractive attributes such as lightweight, low-profile, and being cost-effective
to fabricate, dielectric rods, commonly referred to as end-fired surface-wave antennas, are
gaining popularity in a wide range of applications [170], such as directivity enhancement
of printed antennas for high-data-rate wireless communications [171], high-gain omnidirec-
tional antenna [172], and aperture efficiency improvement of the space-fed antennas [106].
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[L71] introduces a V-band antenna consisting of a patch-fed dielectric rod. The dielec-
tric rod, fabricated using Teflon through a CNC machine, is positioned on top of the patch
to produce complex mode excitations. To convert the mode from the patch and eliminate
undesired modes during radiation, an additional design incorporating a metallic cylindrical
waveguide is implemented at the base. The additional height of the circular waveguide is
set to 1.42), resulting in a total length of 6.71\ while yielding a 16 dB gain at 61 GHz.
In [173], three arrays of multiple dielectric rods with airgaps in between are designed by
high-permittivity material (¢, = 9.8) placed in parallel to a patch antenna. This design
provides an EBG-type superstrate to enhance directivity up to 8 dB compared to an iso-
lated patch antenna. In [172], a lens consisting of 16 periodic aluminium rods attached
to the aluminium plates is proposed to enhance the gain of an omnidirectional cylindri-
cal radiator at 920 MHz, providing an overall gain of 19.47 dB. However, The dielectric
rod structures discussed in these studies employ intricate design methodologies, expen-
sive fabrication processes involving high-permittivity dielectric materials or complex metal
shaping, and face difficulties when it comes to integrating them with the primary feeder.

Recently, the adoption of 3D-printing, a cost-effective and straightforward manufac-
turing technique, has gained prominence for fabricating dielectric rods. This method en-
ables the uniform fabrication of arbitrary rod structures according to specific requirements.
As reported in [174], the 3D-printing-based manufacturing process is an efficient solution
for designing high-performance dielectric lens antennas.

In [175], we presented a design strategy to alter the radiation characteristics of modular
radar printed circuit boards without the need for expensive retooling and remanufacturing
is presented in this section [175]. To this end, a compact radar module including microstrip
array antennas integrated with a dielectric rod lens is considered for a demonstration of
an X-band radar antenna gain improvement leading to radar detection sensing enhance-
ment. Using travelling wave theory, the proposed lens is designed to target the excitation
of HE;; mode to achieve gain improvement without disturbing reflection coefficients. Us-
ing a low-cost rapid-manufacturing 3D-printing technology, two pairs of the 3D-printed
dielectric rods integrated with a dielectric housing are designed and fabricated uniformly
for a commercially available off-the-shelf radar module. The radar integration with the
dielectric rod lens leads to a low-cost and easy-to-fabricate long-range radar system. Com-
pared with the radar without the rods, the design system achieved a measured 6.6 dB gain
improvement of the transmitter and receiver antennas which causes doubling the detection
range for both elevation and azimuth directions at 10.525 GHz.
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Figure 3.1: The dimensions of full prototype and PCB layout of the HB100 radar module
with TX/RX sections.

3.2.1 Dielectric Rod Lens Design

This section focuses on designing the configuration of a 2 x 2 dielectric rod array as an
integrated lens aiming to enhance the gain of the HB100 radar module. The Doppler
effect is harnessed by a radar system to detect alterations in the velocity of objects at a
specific range by bouncing a microwave signal off a desired target. The X-band HB100
Doppler radar, one of the popular, accurate, and affordable modules, is widely employed
in various applications such as automatic door startup, car and house intrusion alarms,
collision warning, and traffic monitoring.

The structure of the selected radar is shown in Fig. 3.1. As seen, the radar PCB consists
of two pairs of 1x2 arrays of a rectangular microstrip patch antenna as a transmitter and
a receiver antenna. The total rectangular dimension is 40x46.5 mm, printed on the FR-4
substrate with a thickness of 0.8 mm. Based on the simulation, the proposed antennas
provide 6.5 dB realized gain separately. According to the datasheet, the radar has a
detection range coverage of 20 m. However, this detection range works properly for a
vehicle at a close range of about 7 m at the center frequency of 10.525 GHz.

The dielectric rod, which belongs to the category of travelling surface wave antennas,
functions as a dielectric waveguide, leading to the emission of radiation at points of dis-
continuity. The hybrid HE;; mode, a proper combination of TE and TM modes, is the
dominant mode exhibited by the dielectric rod which generates equiphase electric fields
with no cut-off frequency. The dielectric constant of the rod structure imposes limitations.
It can be shown that matching the dielectric rod with low-permittivity materials requires
a large dimension and complicated design. Given that low-cost materials commonly em-
ployed in 3D-printing machines typically exhibit low permittivity, (e, = 2.5 in the X-band),
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a compromise must be established between the maximum feasible size and the subsequent
enhancement in gain. The gain of the rod is influenced by its length, emphasizing the
importance of this parameter. Additionally, the mode conversion process is significantly
affected by the shape and dimensions of the rod’s cross-section.

The utilization of a dielectric rod with a circular cross-section offers several advan-
tages, including a symmetric radiation pattern, wider bandwidth, low cross-polarization,
and a simple design that allows for greater flexibility. To ensure a seamless and efficient
transition from patch radiation to the HE;; mode, as well as from the HE;{; mode to a
plane wave, careful consideration must be given to the diameter of the rod’s cross-section.
The fundamental HE;; mode can be excited in a circular dielectric rod by considering
a rod diameter of at least 0.58 Ay (A\g is the wavelength in a dielectric rod). Therefore,
a proper diameter-to-wavelength ratio guarantees the HE;; mode excitation. Considering
the mutual coupling between the radar antennas, the bottom cross-section diameter is ap-
proximately considered 0.78 Ay (Rl = 14 mm) to match the highest radiated power from
the patch in free space to the surface wave. On the other hand, the field profile of the
HE;; mode is extended by reducing the rod diameter at the radiation end that should be
tapered in the dielectric rod body.

The introduction of longitudinal tapering in the rod enhances the radiation character-
istics by facilitating radiation along the entire length of the taper, resulting in improved
performance. The nontapered cylindrical dielectric rod propagates with the sum of the
radiation from discontinuities which provides low gain and high side-lobe levels due to the
interference between the ends and free space. Conversely, in tapered rods, power is leaked
through the tapered profile, and the radiated power comprises the cumulative effect of
radiation originating from the leaky wave structure. Therefore, it is crucial for the taper-
ing process to be conducted gradually in order to mitigate higher-order coupling effects
and minimize fabrication complexities. In light of this, various types of tapered profiles
are investigated, revealing negligible discrepancies among the outcomes. Consequently,
a linear taper is favoured for its ease of fabrication and minimal errors when employing a
3D-printing machine.

Upon choosing the appropriate tapering profile, the top cross-section, denoted as Rs,
needs to be optimized in order to achieve improved matching with free space. The sensi-
tivity analysis yields an optimal value for each design parameter, ensuring an appropriate
and suitable amount for their respective contributions. It can be shown that the top cross-
section with a diameter of 0.45 A\; (Rs = 8 mm) connected to the bottom cross-section
through a smooth linear tapering provides an optimized structure with enhanced perfor-
mance and suitability as a lens for the patch antenna.
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In [170], a direct relationship between the gain and the length of the antenna integrated
with the tapered dielectric rod is derived:

h

Graz = 10)\ (3.1)
Using (3.1), one can find the optimum gain of the tapered rod in terms of length.
Alternatively, in order to achieve a double detection range for both the transmitter and
receiver antenna independently, it is necessary to determine the desired gain improvement
and subsequently determine the optimal length of the dielectric rod. To obtain the desired
gain improvement, the common radar equation is used. The intensity of the received power

Prx is calculated as,

U)\2PTXGTXGRX
Prx = 2
X (47)3 R (32)

where Prx is the transmitter power, R is the detection range, A is the wavelength of
the transmitted signal, ¢ is the radar cross-section, and Grx and Grx are the gain of
the receiver and transmitter antenna, respectively. Regarding the proposed measurement
setup used in [175], Prx, A, and o remain constant across all angles. In this case, R, Grx
and Gy are the effective ones in (3.2). Assuming a stable received power Pgy, it can be
shown that,

K = GTXGRX —~ R = (GTXGRX)i

= = (3.3)

where K is a constant at all angles.

The (3.3) clearly demonstrates that a 6 dB gain improvement at both the transmitter
and receiver antennas corresponds to a fourfold increase in their respective gains, resulting
in the doubling of the detection range. By conducting a full-wave simulation, it was
determined that the individual gain of the TX/RX antenna in the HB100 radar module
is 6.7 dB. Thus, achieving a gain of 12.7 dB should be adequate to fulfil the specified
requirement. Based on this analysis, the minimum length of the tapered dielectric rod
antenna can be determined using (3.1), resulting in a value of h= 1.8\. According to
theoretical considerations, increasing the length of h leads to greater gain enhancement
of the radar antenna. However, there exists a limitation on how much the length can
be increased, which is dependent on the operating frequency. Furthermore, extending
the taper length results in the emergence of higher side lobes and higher-order modes,
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Figure 3.2: The full structure and design parameters of the dielectric rod lens integrated
with HB100 radar module: (a) top view and (b) side view.

which can introduce detrimental effects on the radiation characteristics of the antenna.
To mitigate the detrimental effects and strike a balance between achieving the desired gain
and maintaining structural compactness, this work proposes an optimized length for the
dielectric rod of 2\, corresponding to 60 mm. The structure of the dielectric rod lens
integrated with the radar module is presented in Fig. 3.2.

The design of the lens is intricately linked to the specific application, as well as the
dimensions and shape of the radar system being considered. The structure of the desired X-
band HB100 radar module, as shown in Fig. 3.1, includes two pairs of 1x2 microstrip patch
arrays as a receiver and a transmitter. Consequently, an effective approach to modeling
a lens involves employing four identical tapered dielectric rods positioned at the center of
each patch, as illustrated in Fig. 3.2a, which are positioned at an appropriate distance
above each microstrip patch antenna.

In order to avoid unexpected modes and effectively mitigate their impact through sup-
plementary design measures, a compact and low-profile lens based on the principles of
Fabry-Perot (FP) theory is introduced. Following FP theory, it is determined that a 0.5\
air gap between the patch antenna and the lens is adequate to stimulate the dielectric rod
and enhance the gain of the patch antenna [175], as shown in Fig. 3.2b. This specific gap
distance is considered to maximize power reception from the patch radiation and facilitate
optimal excitation of surface waves. To achieve this, dielectric housing is utilized as a
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foundation to maintain the rods at the desired distance from the radar chipset’s surface.
The integrated structure is fabricated uniformly using a 3D-printing machine, ensuring
consistent performance throughout.

The compact lens is formed by integrating the four dielectric rods with a dielectric
housing, which encompasses the proposed HB100 radar module. This configuration results
in a compact lens with overall dimensions measuring 50x60x60 mm. The values of the
design parameters are presented in Table 3.1. The parameter S, is the distance between two
patches in the transmitter or receiver section, while the parameter S;. shows the distance
between the TX and the RX patches. Sufficient space is maintained between the dielectric
rods to ensure low mutual coupling, with a separation distance between the two TX/RX
arrays set at 3\/2.

Table 3.1: Design parameters of the dielectric rod lens

Parameter Description Value (mm)
W Width of the dielectric housing 50
L Length of the dielectric housing 60
Str Distance between TX and RX antennas 26
Sr Distance between RX elements 8.5
St Distance between TX elements 8.5
h Height of dielectric rod 60
RI Diameter of the bottom cross-section 14
Rs Diameter of the top cross-section 8
d Height of dielectric housing 14.8

3.2.2 Simulation Results

In this section, the dielectric rod lens provided in the study is modeled through established
full-wave simulation tools. These simulations entail utilizing the physical dimensions out-
lined in design Section, which are subsequently optimized to achieve advantageous results.
The results of these simulations are graphically represented in Fig. 3.3 to 3.6, illustrating
aspects such as the distribution of the electric field on the dielectric rod, E-, and H-plane
gain patterns, gain variations concerning frequency changes, and the lens’s impedance
matching characteristics.

By utilizing a dielectric rod as a lens, the radiation of the patch antenna couples a por-
tion of the input power into a surface wave, producing a hybrid mode, which travels along
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Figure 3.3: Magnitude and direction of the electric field distribution on the dielectric rod
lens with appropriate excitation mode coupled from the array patch antenna.

the rod structure and subsequently radiates into the surrounding free space. The presence
of the excited HE;; mode, characterized by a zero cut-off frequency, results in an equiphase
electric field configuration. This arrangement contributes to the enhancement of gain by
concentrating the radiation field. To confirm the successful radiation of the HE;; mode
within the designed dielectric rod, an investigation is conducted into the field distribution
within the proposed rod. As depicted in Fig. 3.3, the electromagnetic fields predomi-
nantly concentrate within the dielectric material, while the antenna exhibits radiation in
the direction of the rod. The analysis of the electric field further indicates that employ-
ing a tapering profile for the dielectric rods results in a gradual and seamless increase in
radiation, reaching its maximum intensity at the end of the structure.

The dielectric rod lens is constructed using ABS, a material compatible with 3D-printing
machines, offering both structural stability and desirable radiation specifications. Using the
X-band waveguide approach in the measurement process, ABS material was measured to
have a permittivity of 2.53 and loss tangent of 0.004. By conducting a full-wave simulation,
the 2D radiation pattern of the radar transmitter microstrip antenna is obtained and
compared with and without the presence of the dielectric rod lens, as shown in Fig. 3.4.
It is evident that the dielectric rod lens enhances the realized gain of the TX/RX antenna
by approximately 6.6 dB in both the E-plane and H-plane patterns. In accordance with
the reciprocity theorem, the functionality of an antenna remains consistent, irrespective of
whether it is employed as a transmitter or receiver. The placement symmetry observed in
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Figure 3.5: The realized gain variation versus frequency for the RX/TX antenna with and
without integrating dielectric rod lens, (b) The investigation of reflection coefficient and
mutual coupling for TX/RX antenna integrated with dielectric rod lens.

radar antennas leads to an identical radiation pattern for both the TX and RX antennas.

The gain variation versus frequency for the radar antenna integrated with and without
the dielectric rod lens is investigated in Fig. 3.5a. Since the dielectric rod is known as
a travelling wave antenna, it can provide a wide gain bandwidth for the feeder antenna.
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Hence, it is evident that despite the dielectric rod lens being excited by the patch radiation
at a cut-off frequency of 10.525 GHz, the gain enhancement is attained within the frequency
range of 8.2 to 12 GHz. In addition, Fig. 3.5a shows that the maximum gain for the TX/RX
antenna without the lens is 6.7 dB while the dielectric rod lens increases it to 13.3 dB.

The reflection coefficient as well as mutual coupling for both transmitter and receiver an-
tennas integrated with and without dielectric lens are investigated and shown in Fig. 3.5b.
The results indicate that the designed dielectric rod lens has no substantial impact on the
primary performance of the patch antennas.

3.2.3 Fabrication and Measurement Process

A prototype of the fabricated HB100 radar chipset antenna integrated with and without
the tapered dielectric rod lens is presented in Fig. 3.6. To evaluate the effectiveness of the
proposed system in enhancing radar range detection, the designed structure is mounted on
the rear of a bicycle, allowing for practical measurement and assessment with an overall
dimension of 50x60x74.8 mm.

HB100 Radar
Module

S\

' Integration of Radar Integration of Radar |
Module on Bicycle's Module with Dielectric
Rear Section

Figure 3.6: An HB100 radar antenna fabricated prototype mounted on a bicycle integrated
with and without the dielectric rod lens.
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Figure 3.7: A flowchart outlining the main steps of the design, simulation, and manufac-
turing procedure necessary for integrating the dielectric rod lens with the radar module
for detection range enhancement.

According to (3.3), it is evident that a 6 dB gain improvement at both transmitter
and receiver antennas means that the TX and RX antennas’ gains increase four times
leading to the double detection range, separately. Hence, in the proposed system, a gain
improvement of 6.6 dB for both the TX and RX antennas is deemed satisfactory to fulfil
this requirement. Measurement results confirm that the HB100 radar integrated with the
dielectric rod lens located at the back of a bicycle (Fig. 3.6) increases the detection range
twice for TX and RX antennas, separately.

A sensitivity analysis was conducted to assess the impact of key design parameters
on the gain performance of the dielectric rod lens. It was observed that variations in
the diameters of the rod cross-sections (R and R;) significantly affect gain. Specifically,
increasing Rs by more than 1 mm or decreasing it by more than 2 mm results in a gain
reduction of up to 1 dB, while variations in R; beyond £1.5 mm cause a gradual gain loss
of up to 1.8 dB. The spacing between the lens and the ground plane (d) is also critical;
deviations greater than +2 mm can activate higher-order modes and degrade gain by up
to 3 dB due to impedance mismatches. In terms of rod height (h), increasing the length
by up to 20 mm or decreasing it by less than 5 mm produces negligible impact; however,
further deviation leads to degraded gain and side lobe growth. The distance between rods,
particularly Str, plays a key role in minimizing mutual coupling. Adjustments within +1.5
mm are safe, but larger changes can reduce gain by more than 2 dB. Similarly, increasing
St or St by 5 mm or reducing them by 3 mm leads to gain reductions of up to 1 dB. Lastly,
material properties are also influential: for dielectric constants between 2.0 and 2.8, gain
remains stable, but a shift to 3.0 or 1.8 results in losses of 1 dB and 1.2 dB, respectively.
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The complete process, encompassing the main steps such as design, simulation, and fab-
rication, is visually outlined in a flowchart, as depicted in Fig. 3.7, that is essential for the
comprehension of the technique.

3.3 Spherical Dielectric GRIN Luneburg Lens

Gradient-index (GRIN) lenses have been studied using geometric optics, transformation
optics, and metamaterials. The Luneburg Lens (LL) is a spherically symmetric GRIN lens
with a radially varying refractive index. Various techniques exist to enhance Luneburg lens
antenna performance. However, previous studies typically used a single-feed antenna for
symmetric illumination of the Luneburg lens (Fig. 3.8a). Other research focused on multi-
beam lenses, employing multiple feed antennas to rotate the sphere and align maximum

radiation with the lens (Fig. 3.8b). [177] explored optimizing crossover levels between
beams and more compact feeding arrangements. Modifications to the lens profile for beam
shaping were also suggested, [178], though these often reduced directivity due to beam
broadening.

In bistatic radar configurations, inspired by single-antenna gain enhancement tech-
niques, separate lens structures are often proposed and designed specifically for the TX
and RX antennas. Utilizing a commercial radar module with co-located transmitter (TX)
and receiver (RX) antennas on a planar microstrip surface introduces unique challenges
due to its offset-fed design (Fig. 3.8c) and dual independent sources. This setup requires
significant modifications to the conventional symmetrically fed Luneburg lens design, typ-
ically with a horn antenna. In this configuration, the microstrip antennas direct radiation
predominantly towards either the upper or lower hemisphere of the lens (Fig. 3.8d), differ-
ing from the symmetrical dual-feed multibeam Luneburg lenses. Here, both TX and RX
antennas must project radiation directly forward (boresight), maintaining alignment at 6
= 0. In that case, using radar as the feed mechanism, makes the RX and TX antennas
strategically offset relative to the lens. This offset causes beam tilting issues for both an-
tennas, which is suboptimal for radar communication systems. In addition, for optimal
performance, the feed’s phase center should align with the lens’s focal point [106].

Fig. 3.9a illustrates a bistatic Doppler X-band HB100 radar module, primarily used
in bicycle collision applications. These continuous-wave radars are popular due to their
affordability and accuracy but suffer from a limited detection range [175]. To address this
limitation, we introduced a 3D-printed lens in the previous section, featuring an array
of four dielectric rods with total dimensions of 1.75A x 2.1\ x 2.5\, each mounted on
separate TX and RX microstrip patch antennas. This design enables seamless integration
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with the radar module and effectively doubles its detection range [175]. Achieving higher
antenna gain enhancement through the integration of a single lens with the radar module
enhances the detection range and significantly improves the radar’s effectiveness and overall
performance, while also reducing fabrication costs.

The GRIN Luneburg lens, designed as a symmetric structure made from a dielectric
material with gradient refractive indices, functions as a polarization-independent system,
efficiently converts spherical waves from the feed into quasi-plane waves, resulting in high-
gain beam radiation [179]. A 3D-printed flat Luneburg lens designed for the Ku-Band
achieved a maximum gain of 19.1 dB. [180] reported a high-gain, 3D-printed planar GRIN
lens that, paired with a conical horn, delivered broadband gains of 16 to 24 dB across the
Ku-band. Similarly, a planar wavefront transformation lens using gradient-index meta-
materials enhanced gain by 6.5 dB at 10 GHz [181]. However, flat Luneburg lenses face
challenges compared to spherical designs, particularly in terms of higher edge diffraction
losses, which result from the sharp edges of the planar geometry, leading to reduced effi-
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Figure 3.8: Ray tracing for GRIN Luneburg lens feeding scenarios: (a) Single center-fed,
(b) Dual-beam symmetric feeds, (c) Single offset-fed, (d) Dual-beam asymmetric feeds.

61



A
Radar Module

Incorrect Target
Detection
------------------------- > <

Radar Module

Radar Module
fw
N
HE ]
v

Accurate Target
Detection

Figure 3.9: (a) Layout of the X-band Doppler off-the-shelf radar module with bistatic
TX and RX antennas on the same plane, utilized for bicycle collision applications; (b)
Integration of the conventional GRIN Luneburg lens with the radar, illustrating beam
tilting issue using the ray tracing method; (c) Integration of the GRIN modified Luneburg
lens, demonstrating focused radiation directed towards the boresight.
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ciency and pattern distortion. They also exhibit increased side lobe levels (SLL), as the
planar structure often produces uneven beam shaping, impacting directivity. Additionally,
achieving the necessary GRIN profile in a flat configuration can be complex, limiting their
versatility.

There is increasing interest in developing spherical GRIN Luneburg lenses that can
be easily manufactured using a single material. However, their curved surfaces and the
implementation of gradient indices within the lens pose significant fabrication challenges
[182]. Advancements in 3D printing technology, have enabled practical and cost-effective
implementations of uniform spherical Luneburg lenses according to specific requirements
[183]. Studies have focused on approximating the permittivity distribution of GRIN lens by
employing a lens design with constant dielectric permittivity, combined with the concept
of effective permittivity areas [181]. However, this approach causes several disadvantages
compared to traditional GRIN designs. One major drawback is the reduced focusing
accuracy, as the smooth and continuous permittivity variation in GRIN lenses ensures
precise wavefront reconstruction, which is compromised in the stepped approximation,
leading to wave distortions. Furthermore, increased scattering and reflection losses arise
due to abrupt transitions between regions of constant permittivity, degrading efficiency
and gain. Finally, the approximated design often requires a larger physical size to achieve
comparable performance to a traditional GRIN lens, making it less suitable for compact
in-package applications.

In [185], we introduced a design methodology to enhance the radiation efficiency of
compact modular bistatic radar systems by employing an advanced spherical dielectric
gradient-index (GRIN) Luneburg lens with tunable refractive index gradients. The pro-
posed design utilizes computationally optimized dual-beam masks, implemented as two
exponentially tapered rods, to modify the conventional permittivity distribution of the
Luneburg lens. This approach enables the use of a single lens for both transmitter (TX)
and receiver (RX) radar microstrip antennas while addressing beam tilting issues. To vali-
date the design, a prototype of the GRIN modified Luneburg lens (MLL) was manufactured
using a cost-effective and uniform 3D-printing technique and seamlessly integrated with a
commercially available X-band radar module. Experimental evaluation was conducted in
a laboratory setting, measuring transmitted power using a standard X-band horn antenna
connected to a spectrum analyzer and strategically positioned within the radar’s radiation
field at various aperture-to-aperture distances. Received power measurements were also
recorded at the radar RX antenna, demonstrating significant improvements in both trans-
mitted and received power. These enhancements collectively contribute to a substantial
increase in the radar’s signal-to-noise ratio (SNR) for high-gain communication systems.
The MLL-enhanced radar module achieves a realized gain of 17.1 dB at 10.4 GHz, result-
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ing in a 3.2-fold extension of the radar’s detection range in both elevation and azimuth
directions. Additionally, the integration of the GRIN MLL leads to a 10 dB enhancement
in received power, corresponding to a 10-fold improvement in SNR when operating along
the boresight. These findings validate the effectiveness and robustness of the proposed
design in radar sensing enhancement.

To the best of the authors’ knowledge, this is the first design of a GRIN Luneburg lens
specifically tailored for integration with an in-package radar module, aiming to enhance
radar sensing by improving the signal-to-noise ratio. While traditional designs typically
employ single or multi-feed antennas for symmetric illumination, our work investigated
the integration of a commercial radar module with bistatic communication and co-located
TX/RX antennas-on-chip. This offset-fed dual-source configuration introduces unique chal-
lenges, requiring substantial modifications to the conventional symmetrically fed Luneburg
lens. As shown in Fig. 3.8b, the microstrip antennas in this setup primarily direct radiation
toward the upper or lower hemisphere of the lens, reducing efficiency for target detection.
To achieve optimal performance, both TX and RX antennas must align and radiate directly
forward along the boresight (6 = 0).

3.3.1 Radar Antennas Employing a Modified Dielectric GRIN
Luneburg Lens

GRIN Luneburg lenses, symmetrically fed by a single source, produce isotropic radiation
through their spherical design, ensuring uniform phase distribution across the lens. Char-
acterized by a spatially varying refractive index as defined by (3.4), traditional GRIN
Luneburg lenses provide functional alternatives to conventional dielectric lenses,
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where r? = 22 4+ y* + 2? defines the radial position within the spherical medium, ranging

from 0 to R, with (z,y, z) representing the spatial coordinates and R denoting the external
radius of the lens [136].

Fig. 3.9b shows ray tracing within a GRIN Luneburg lens with conventional permit-
tivity distribution profile, integrated with radar TX/RX antennas. As shown, the offset
placement of the antennas introduces a phase shift deviation from the optimal lens phase
distribution, governed by the gradient permittivity profile inside the lens. This phase dis-
crepancy results in two distinct phase fronts on the radiation side of the lens, leading to a
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beam-tilting issue. In such cases, while the GRIN Luneburg lens enhances the gain of the
radar antennas, the radiation patterns of the TX and RX antennas are not aligned along
the boresight, ultimately reducing the SNR and limiting the radar’s detection range.

Therefore, as depicted in Fig. 3.9¢, a modified phase distribution, achieved by altering
the permittivity profile within the conventional Luneburg lens, is required to address the
beam-tilting issue. The yellow region represents the required compensation phase distri-
bution for the TX antenna, while the brown region corresponds to the RX antenna. This

modification not only corrects the beam misalignment but also enhances the gain of the
radar TX/RX antennas.

In a bistatic radar system with co-located TX and RX, the antennas are positioned
in close proximity but do not share the same aperture, unlike in monostatic radar. This
configuration introduces variations in SNR calculation compared to monostatic systems.
Since the TX and RX antennas are identical and positioned on the same plane, the SNR
indicated by the radar received power can be expressed as (3.2) [175].

According to (3.2), the enhancement of the SNR in radar systems is significantly influ-
enced by improvements in TX and RX antenna gains. Higher antenna gains increase the
power density of the transmitted signal toward the target, thereby maximizing the energy
intercepted and re-radiated by the target based on its radar RCS. Simultaneously, im-
proved RX antenna gains enhance the efficiency of capturing the reflected signal, ensuring
minimal loss of the target’s scattered energy. This synergistic effect leads to a substantial
increase in both transmitted and reflected power, directly improving the SNR and enabling
more accurate target detection and characterization in radar sensing.

3.3.2 Modified GRIN Luneburg Lens for Radar Integration

This section examines the integration of the proposed bistatic radar system with the GRIN
Luneburg lens, designed with a diameter of 5o, as shown in Fig. 3.10a. The radar module
is positioned with an approximate 2 cm offset for each TX/RX array antenna relative
to the center of the Luneburg lens, maintaining a 0.16\ gap between the antennas and
the lens. Full-wave electromagnetic simulations are conducted to generate the radiation
patterns for the TX and RX antennas. The permittivity profile of the conventional GRIN
Luneburg Lens (CLL), which features a symmetrical permittivity distribution as illustrated
in Fig. 3.10a, varies according to (3.4), starting from &, = 2 at the center of the sphere
and gradually decreasing to €, = 1 at its outer layer.

Fig. 3.10b illustrates the 2D cutting-plane of the electric field radiation for the TX
and RX antennas separately, in the presence of the CLL. As shown, the generated electric
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Figure 3.10: (a) Cross-section of the conventional GRIN Luneburg (CLL) lens showing its
permittivity distribution profile; (b) E-field propagation from the radar TX/RX antennas
in the presence of the CLL; (c) 2D gain pattern for TX/RX antenna at 10.4 GHz when
the radar is integrated with the CLL.

fields produce equi-phase radiation on the radiation side of the CLL, resulting in high-
gain capability; however, this comes at the cost of phase front rotation. As a result,
integrating this lens with a radar module featuring offset TX and RX antennas poses
significant design challenges and reduces performance. This E-field distribution generates
the far-field radiation pattern for both antennas. As shown in the 2D radiation pattern
in Fig. 3.10c, compared to the HB100 radar gain pattern, the integration of the CLL
significantly enhances the realized gain of both TX/RX antennas, reaching 21 dB at 10.4
GHz, albeit with a 13° maximum beam tilting.

We address the beam tilting issue in TX and RX antennas by introducing a config-
urable Modified GRIN Luneburg lens (MLL). The design incorporates dual-beam masks,
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implemented as two exponentially tapered rods, to adjust the permittivity distribution of
the conventional Luneburg lens, as formulated in (3.5),

57"('7;7 Y, Z) - maX{]- ) 2 - (%)2 + finc ’ il¢ (6% Ty — \/(I - 'ri)Q + (y - y1>2>} (35)

where R is the radius of the Luneburg lens, « is the parameter controlling the exponen-
tial decay along the z-direction, r; is the radius of the rods, (z;, y;) are the coordinates of
the TX/RX antenna defining the position of the rods’ center, fj,. is the increment factor
for the permittivity inside the rod, and () is the Heaviside function defined as,

] 1 for v>0
To achieve optimal performance, the phase center of the radar’s TX and RX antennas
must align with the lens’s focal point [106], which dictates the placement of the rods within

the Luneburg lens, d,. A notable benefit of the GRIN Luneburg lens is that its focal point is
located on the outer spherical surface, enabling direct integration with the feeding antenna
and eliminating unused space from the lens focal point to the antenna phase center.

In the HB100 radar configuration shown in Fig. 3.10a, the TX and RX antennas share
the same x and z coordinates but are symmetrically positioned along the y axis. The two
tapered rods are positioned at the phase center of the microstrip array antennas, extending
along the full diameter of the sphere in the x-z and y-z planes, as shown in Fig. 3.11a across
various Cartesian planes. In the formulation of (3.5), the rods are assumed to be located

at coordinates (z;, y;, z;), where (i) denotes the antenna type (i=1 for TX and i=2 for
RX).

The parameters in (3.5) define the permittivity profile of the Luneburg lens with rods
positioned near the TX and RX antennas. The exponential decay parameter o governs
how the influence of the rods diminishes along the z-axis. Additionally, a variable rod
radius 7¢upe, Which varies with 2z through an exponential taper, adds complexity to the rod
structure. The increment factor fi,. gradually scales the permittivity increase within the
rods as described in the equation. However, considering the practicalities of 3D-printing
technology for fabrication, discretizing the rod permittivity within the LL is more feasi-
ble. To balance fabrication ease and performance, three fixed permittivity values can be
assigned to the rod regions. In this case, the Heaviside function () in (3.5) functionally
defines the masks (mask;, masks, masks), which identify the regions where the permittivity
is modified due to the presence of the rods,
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er(z,y,2) :max{l,Q— %%—Z%(m,y, z)} (3.7)
i=1

where 1;(x,y, z) accounts for the contributions of rods centered at (z;,y;) for each
beam, and is defined as:

e, if z€[-R,—0.45R] and
(=) + (¥ = ¥:)* < e
€ra, if z € [-0.45R,0.68R] and
bila,y, 2) = (@ = 2:)” + (y = 4:)° < Topes (3.8)
er3, if z € [0.68R, R] and
(@ =) + (¥ = ¥:)* < e
0, otherwise.

\

where rype(2) is the dynamic radius of the rods, defined as:

Toabe(2) = €4 - 7 (3.9)

The base permittivity profile, 2 — r?/R? represents the classical Luneburg lens per-
mittivity distribution without the rod modifications. The rod contributions are modeled
using the Heaviside-like function v;(x,y, z), which segments the lens into three distinct
z-regions, each associated with a specific permittivity value (e,1, €2, €,3). The regions are
defined as follows:

o [—R,—0.45R]: First region with permittivity &,;.

e [—0.45R,0.68R]: Second region with permittivity €,.s.

e [0.68R, R]: Third region with permittivity &,s.

The function 9;(x, y, z) determines whether a given point (z,y, z) falls within the rod’s
influence in each region. The dynamic rod radius rype(2) ensures the influence of rods

varies along the z-axis, reflecting the exponential tapering effect. Algorithm 1 outlines the
process for assigning the values of the 3-mask dielectric rods within the Luneburg lens.

The rods are initially designed using the Python code outlined in Algorithm 1, gener-
ating dielectric distribution data as an ASCII file that maps permittivity values to specific
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Figure 3.11: (a) permittivity distribution profile of the Modified GRIN Luneburg lens
(MLL) in different planes; (b) E-field propagation from the radar TX/RX antennas in the
presence of the MLL; (c) 2D gain pattern for TX/RX antenna radiation at 10.4 GHz when
the radar is integrated with the MLL.

spatial points. This data is then applied to a sphere fed by the radar in a full-wave simu-
lation environment. The Space Map-based material model used here is a unique material
definition that can be customized in Studio using dedicated VBA commands and simu-
lated with the T-solver. This material model is particularly advantageous for designing
Gradient Refractive Index (GRIN) lenses, as it allows precise spatial definition of material
properties. Advances in additive manufacturing and materials have further enhanced the
feasibility of 3D printing GRIN dielectric lenses, unlocking new opportunities for creating
custom components.

In (3.5), the initially optimized parameters, considering the offset feed and the distance
between the TX and RX antennas, are determined as: R = 75 mm, o = 160, r, = 5
mm, and f;,. = 1.5. These parameters correspond to the rods’ permittivity values of
¢(mask;) = 2.8, e(masky) = 3.4, and ¢(masks) = 2.6. These parameters ensure high gain
and low side-lobe levels by enhancing the electric field intensity along the rods, as shown
in Fig. 3.11b, and confining the electric field distribution to the boresight direction. This
targeted field alignment effectively mitigates the beam tilting issue for both TX and RX
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Algorithm 1 Dual-Beam Luneburg Lens Design

Input:
R: Radius of the Luneburg lens
Tstep: Otep size for grid discretization
centers = [centery, centers]: Rod centers
r;: Base radius of the rod tubes
Output:
e: Modified 3D permittivity matrix with dual beams
ASCII file: Fabrication data for manufacturing
Grid Generation:
Discretize x,y, 2 over the spherical domain using 7gep
Compute Base Permittivity:
x? + y2 + 22
€=2——F7p—
Modify Permittivity for Dual Beams:
for each center in centers do
Compute d, = z — center[0]
T'tube = exp(dz/oz) " T
Define masks for three segments:
maskl: z € [-R, —0.45R] and (x — center[2])? + (y — center[1])? < 72,
mask2: z € [—0.45R, 0.68R] and same condition
mask3: z € [0.68R, R] and same condition
Update € values:

€[maskl] = 2.8
€[mask2] = 3.4
e[mask3] = 2.6

end for

Ensure all e > 1

Save Data:

Flatten (z,y, z,€) into a 2D array for ASCII export
Generate 2D plots for XY, X7, and Y Z planes

antennas, resulting in improved radiation performance.

An analysis of the realized gain radiation pattern, depicted in Fig. 3.11c, reveals a
well-shaped pattern with peak directivity consistently maintained at § = 0°, indicating
the system’s ability to focus energy effectively in the desired direction. This design min-
imizes phase distortions and ensures uniform wave propagation, critical for maintaining
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optimal radar performance. Additionally, a comparison of radiation patterns at 10.4 GHz
highlights that the modified GRIN Luneburg lens significantly enhances the gain of the
HB100 radar module’s TX and RX antennas, achieving 16.6 dB with a peak at 8 = 0°.
This improvement underscores the lens’s ability to enhance radar performance, even un-
der offset-fed conditions. However, it should be noted that this design achieves a 4.4 dB
lower gain improvement compared to the conventional €, distribution, as illustrated in Fig.
3.10c.

3.3.3 Modified GRIN Luneburg Lens Manufacturing

For transitioning from lab to manufacturing, equipment, processes, and materials must
mature to ensure high reliability and throughput while minimizing variability and cost.
Traditional manufacturing methods for GRIN lenses often rely on multi-part assembly or
complex subtractive manufacturing processes, which are both time-intensive and costly
[187]. In contrast, additive manufacturing offers significant design and production flexi-
bility, drastically simplifying the creation of GRIN media. For this study, Fortify’s digital
light processing (DLP) additive manufacturing platform is employed, enabling efficient and
precise fabrication [188]. However, each manufacturing approach comes with its own set
of advantages and drawbacks.

The Fortify Flux Core DLP 3D printer is considered for the manufacturing of the
designed spherical GRIN MLL, utilizing Rogers Corporation’s Radix™ 3D-printable resin
dielectric material, with a relative permittivity of 2.8, that offers low dielectric loss with
loss tangent of 0.0043 and the ability to print an entire lens layer in a single exposure [189].

Utilizing the output of the Algorithm 1, the simulations are converted to a 3D print-
able structure featuring a Gyroid shaped unitcell. The unitcell size of artificial dielectrics
determines the maximum operating frequency and also drives cost. In this study, the
length of the cubic gyroid unitcell at each side, d, is considered as equal as 3 mm, which is
the smallest value considering practical manufacturing constraints of Fortify technology to
minimize the phase error loss in the permittivity profile within the lens and it is optimal
for a maximum operational frequency of 30 GHz, as reported in [190]. In this manufactur-
ing setup, the effective permittivity is controlled using gyroid unitcells by calculating the
air fraction for each region of the lens design, while maintaining a constant cubic unitcell
size and varying the wall thickness of the unitcell. The relationship between the air vol-
ume fraction of the unitcell geometry and the effective permittivity is determined using a
Reverse Claussius-Mossotti model [189],
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where . is the effective permittivity of the gyroid lattice region, V,; is the volume
fraction of air, and ¢, is the permittivity of the solid dielectric material, resin, used to form
the lattice. Considering the .4 value from the output of the Algorithm 1, and &, resin =
2.8, (3.10) represent the relationship between the required effective permittivity and the
relative air fraction which results the calculated wall thickness of the gyroid unitcell.

The lens designed for this study is a 75 mm radius spherical lens with a Luneburg
style and permittivity distribution ranging from 1 to 3.4, as shown in Fig. 3.1la. In
the manufacturing process, as r approaches R, the relative permittivity approaches 1.
However, to maintain structural integrity, the side walls within the unitcell must remain
greater than pm which results in a minimum effective permittivity of 1.15. Therefore,
the Luneburg lens permittivity profile should be printed such that all radii for which the
nominal permittivity is less than 1.15 would maintain that value in the periphery [190]. In
that case, a consequence of adapting this lens to be manufacturable is that the focal point
of the lens is no longer on the surface. This aspect of a Luneburg lens system prevents the
maximization of the antenna’s aperture efficiency.

Furthermore, to maximize lens efficiency in this work, a gyroid unitcell size of 3 mm
is selected as the smallest feasible option. However, this choice imposes fabrication con-
straints, including reduced flexibility due to drilling limitations and unitcell wall thickness
restrictions. As a result, it can be shown that the maximum achievable effective permit-
tivity is limited to 2.4, which falls short of the proposed MLL design’s requirement of 3.4
for the rods. Consequently, the permittivity range in the modified GRIN Luneburg lens,
including the rods depicted in Fig. 3a, should be adjusted from (1,3.4) to (1.2,2.4) to
accommodate these manufacturing limitations.

To address this issue, we proposes the concept of overlapping two rods to ensure unifor-
mity, which improves wavefront alignment and still resolves the beam tilting problem with
less demanding permittivity requirements. This modification involves adjusting the design
parameters, including the center positions of the rods, the base radius of the rod tubes,
the lengths of the three discrete rod masks, and their relevant permittivity values. These
parameters are optimized to maintain the permittivity within the range of 1.15 < ¢ < 2.4,
as outlined in Algorithm 2.

Fig. 3.12a illustrates the updated design of the overlapped rods within the conventional
GRIN Luneburg lens. The overlap creates an effective permittivity region that blends the
properties of both rods, minimizing phase distortions and abrupt changes while enabling
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Algorithm 2 Dual-Beam Luneburg Lens Design (Adjusted for Fabrication)

Input:
R < Radius of the Luneburg lens
Tstep <— otep size for grid discretization
centers = [center, centers] <— New rod centers
r; < New base radius of the rod tubes
Output:
€ < Modified 3D permittivity matrix with dual beams
ASCII file: Fabrication data for manufacturing

Grid Generation:
Discretize x, y, z over the spherical domain with 7gep

Compute Base Permittivity Profile:
I2+y2+22
€ 42— st
Modify Permittivity for Dual-Beam Formation:
for each center in [centery, centery] do
d. < z — center|0]
Piube <= €%/ 7,
Define masks:
mask; < z € [-R, —0.25R] and (z — center[2])? + (y — center[1])* < 72, .
masky < 2z € [—-0.25R, 0.88R] and (x — center[2])? + (y — center[1])? < rZ, .
masks < z € [0.88R, R] and (z — center|[2])? + (y — center[1])? < rZ,
Update € values:
€[mask;] < 1.97
e[masks] < 2.4
€[masks] < 1.83
end for
Ensure € > 1.15

Save Data:
ASCII file « Flatten(z,y, 2, €) into a 2D array
Generate 2D plots for the X-Y, X-Z, and Y-Z planes

a smoother transition and gradual blending of permittivity. This results in smoother
wavefront propagation and reduced distortion, as depicted in Fig. 3.12b.
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Figure 3.12: (a) Permittivity distribution profile of the updated GRIN MLL with over-
lapped rods; (b) Electric field propagation from the radar TX/RX antennas in the pres-
ence of the MLL with overlapped rods; (c) 2D realized gain pattern for TX/RX antenna
radiation at 10.4 GHz when the radar is integrated with the MLL updated with overlapped
rods.

The new design version of the GRIN modified Luneburg lens with overlapped rods is
integrated with the HB100 radar module to evaluate its efficiency. Fig. 3.12c compares
the realized gain pattern of the initial design with the modified lens to the second design
featuring overlapped rods optimized for fabrication. The results indicate that the radiation
patterns are similar, with both radiating in the boresight direction. Moreover, the new
design achieves a higher maximum gain of 17.2 dB at § = 0° for both TX and RX antennas,
resulting in a 3.2-times improvement in radar detection range, as calculated using (3.2).

Additionally, it is noteworthy that the designed modified Luneburg lens can be directly
attached to the radar module, and as demonstrated in Fig. 3.13a, this integration does
not disturb the reflection coefficient of the TX/RX antennas. This figure also compares
the transmitted power from the TX antenna to the RX antenna, S(TX-RX), for the radar
module integrated with and without the MLL, when placed in front of a corner reflector
acting as a perfect electric conductor object. The results in Fig. 3.13b demonstrate that
integrating the GRIN MLL increases the reflected power from the object by 10 dB, resulting
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Figure 3.13: (a) Simulation analysis of the S-parameters for the radar module integrated
with the updated GRIN MLL, including S(TX-TX) and S(RX-RX), and investigation of
the power received from TX to RX when a corner reflector is placed in front of the radar
radiation, comparing cases with and without the lens, (b) Beam angle and realized gain
variations of the radar antenna integrated with the MLL as a function of frequency.

in a 10-times improvement in the radar signal-to-noise ratio, as calculated using (3.2).

To investigate the efficiency, an analytical model can be formulated to establish a cor-
relation between the diameter of a Luneburg lens and the resultant gain enhancement,
drawing upon fundamental antenna theory and optimization methodologies. Within the
framework of aperture lens theory, the approximate realized gain for a conventional Luneb-
urg lens antenna can be expressed as:

D
Gre(t2)? (3.11)
A

where G represents the realized gain of the antenna, influenced by several factors in-
cluding the aperture efficiency (€), the diameter of the Luneburg lens (D = 2R), and the
wavelength (\) of the operating frequency.

Utilizing (3.11) and considering a lens diameter of 15 cm at a design frequency of 10.4
GHz under ideal conditions with 100% efficiency, the theoretical maximum gain that can
be provided by the conventional lens is 24.2 dB. In practical simulations, a gain of 23.1
dB was observed for the conventional Luneburg lens when utilizing a single horn antenna
as the feed. When integrated with the radar system, the realized gain is measured as 21
dB, with a beam tilting of 13 degrees, causing misalignment from the boresight direction.
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This misalignment reduces effective power transfer, degrading the overall system perfor-
mance. By addressing the beam tilting issue, we improved the alignment of both TX and
RX antennas to the boresight direction, ensuring optimal focusing. As a result, while the
gain decreased due to additional modifications, the final realized gain reached 17.2 dB.
Thus, while solving the beam tilting issue results in a 3.8 dB gain reduction compared to
the beam-tilted radar configuration (21 dB to 17.2 dB), this modification significantly en-
hances radar sensing capability, as the received power is now maximized along the intended
direction, improving SNR stability and detection accuracy across the operational range.
This trade-off is necessary to maintain boresight beam alignment, thereby improving the
radar’s sensing accuracy and ensuring optimal SNR at the detection range.

For the designed modified Luneburg lens (MLL), the relationship between gain and lens
diameter can be elucidated through a curve-fitting approach. This method involved using
a variety of simulated data points, which represented the realized gain across different lens
diameters. This analytical technique enabled the derivation of the following relationship
for the gain enhancement factor:

K = (55.21D° — 26.498 D* + 4.2089D — 0.2162) x 10*

GEnhancement (dB) =10 log < (3 12)

_ K
G'feea (linear)

In the 3D printing dielectric fabrication process, it is crucial to assess the sensitivity of
gain performance and main lobe direction to the permittivity distribution within the GRIN
MLL, particularly when using rods with varying permittivity values. Analysis indicates
that the gain of the TX and RX antennas remains consistent at § = 0° provided the
permittivity variation in the rods does not exceed 10%. However, when the variation
exceeds 13%, the gain decreases by 0.6 dB, accompanied by a 1-degree shift in the main
lobe direction.

Another aspect of the investigation focuses on the discretization approach, which bal-
ances electromagnetic functionality and manufacturing feasibility. In this study, a step size
of 0.1\, equivalent to a unitcell size of 3 mm, is used to ensure a relatively uniform permit-
tivity distribution across the sphere and to minimize phase error loss. It is observed that
deviations from this step size of up to 5% result in a 0.5 dB reduction in gain enhancement,
while maintaining a constant lens diameter.

While the proposed MLL demonstrates significant advantages in beam focusing and gain
enhancement, it is crucial to acknowledge its limitations compared to alternative solutions
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such as planar lenses and metasurfaces. A primary drawback is its volume and size, as the
three-dimensional spherical structure of the Luneburg lens makes it inherently bulkier than
planar lenses, which are more easily integrated into compact radar systems. It may limit
its feasibility in conformal or lightweight designs such as UAV-mounted or wearable radar
systems. Fabrication complexity is another important consideration. The GRIN profile
of the Luneburg lens requires precise permittivity variation, which is traditionally difficult
to achieve using standard dielectric materials. While modern 3D printing technologies
provide a viable solution, they introduce constraints in material selection and fabrication
precision.

Beam squinting presents another limitation in broadband applications, as the GRIN
structure inherently introduces chromatic aberration and phase dispersion due to the
frequency-dependent nature of the refractive index. This results in shifts in the focal
point and beam direction across different frequencies, affecting the beam’s stability. The
degree of this shift is influenced by the dispersion properties of the material, as the rela-
tive permittivity (e,) varies with frequency, affecting wave propagation through the GRIN
medium. Consequently, in broadband applications, the Luneburg lens is more susceptible
to beam misalignment compared to planar lenses, which can incorporate phase compensa-
tion techniques to mitigate these effects.

To evaluate this phenomenon, simulations were conducted to analyze the realized gain
of the radar system with and without the MLL, focusing on beam angle variations across
the 9-11 GHz frequency range. As shown in Fig. 3.13b, while the integration of the
MLL continuously enhances the radar’s gain, the beam angle shifts with increasing or
decreasing frequency. The results indicate that beam angle variation between 9 GHz and
10.75 GHz remains within 5 degrees, with the ideal boresight (¢ = 0) occurring at 10.4 GHz.
Considering a 5-degree beam variation as the acceptable limit, the 3-dB gain bandwidth
of the radar integrated with the MLL extends from 10 GHz to 10.6 GHz.

Despite these limitations, the GRIN Luneburg lens remains a highly promising so-
lution due to its high gain, simple design, and exceptional flexibility in beam direction
manipulation, which are particularly advantageous in radar applications requiring efficient
energy focusing. Furthermore, advancements in 3D printing technology have significantly
improved the feasibility of GRIN structures, making their fabrication more accessible and
scalable.
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Figure 3.14: (a) Prototype of the MLL uniformly fabricated using Fortify 3D-printing,
with a 2D cross-section showing the implementation of overlapped rods designed within
the lens; (b) 3D-printed fixture for holding the corner reflector and HB100 radar module,
powered by a DC power supply, and positioned at an appropriate location and distance
attached to the MLL.

3.3.4 Radar Module Integrated with GRIN MLL: Measurement
Results

In this section, the performance of the Updated GRIN modified Luneburg Lens is evalu-
ated. The section concludes with in-lab measurements of transmitted and reflected power,
providing an analysis of the gain enhancement capabilities of the GRIN MLL.

To evaluate the performance of the proposed setup, an X-band HB100 radar module
was utilized to illuminate the modified GRIN Luneburg lens. The measurement setup
is illustrated in Fig. 3.14. Fig. 3.14a shows the fabricated prototype of the 3D-printed
spherical modified GRIN Luneburg lens, along with a 2D cross-section of its structure
to demonstrate how the modified rods are designed and implemented within the sphere.
As shown in Fig. 3.14b, a 3D-printed dielectric fixture was designed to securely position
the GRIN MLL in front of the radar, ensuring that the rods are aligned with the radar’s
TX/RX antennas at an appropriate distance. The radar is in direct contact with the
lens, and due to the spherical nature of the lens and antennas’ offset, the distance from
the antennas to the lens surface reaches 1.8 mm. The radar operates with a +5 volt DC
power supply for optimal performance. The intermediate frequency (IF) port of the radar
is subsequently employed to quantify the enhancement in reflected power from a corner
reflector, characterized by three flat surfaces each measuring 6.7 cm in side length. This
measurement is conducted by connecting the IF port to a spectrum analyzer, which records
the signals received by the radar receiver.
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Figure 3.15: In-lab measurement setup illustrating the radar system as the transmitter
and an X-band horn antenna as the receiver, positioned at different distances: (a) radar
without the MLL integrated; (b) radar integrated with the MLL.

As depicted in Fig. 3.15, a standard X-band horn antenna is employed to validate the
power transmission enhancement achieved with the designed lens. The horn antenna is
placed directly in front of the radar at the same height, ensuring that the received signal
originates from the boresight radiation without any tilting issues. The horn antenna is
connected to a spectrum analyzer to measure the transmitted power at various distances
from the radar, comparing results for configurations with and without the GRIN MLL
integration.

To ensure accurate power measurements in the lab setting, the radiation side of the
antennas is covered with flexible EMI absorber sheets, as shown in Fig. 3.15. The radar
antennas (acting as the transmitter) and the horn antenna (acting as the receiver) are po-
sitioned with an aperture-to-aperture spacing of d to simulate real-world in-lab conditions.
Fig. 3.15a illustrates the setup configuration for measuring transmitted power when the
radar operates without the lens, while Fig. 3.15b shows the same setup with the GRIN
MLL attached. Fig. 3.16a to 3.16c compares the power received by the horn antenna on
the spectrum analyzer for both cases, radar antennas with and without the lens, at three
different distances, d = 10\, 15\, and 20\, to validate the repeatability and effectiveness.

The results show that the transmitted power increases by 10 dB at 10\, 10.2 dB at 15,
and 10.1 dB at 20\ distance at 10.2 GHz, when the radar is integrated with the GRIN
MLL. The consistent power enhancement across all investigated distances demonstrates the
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Figure 3.16: Comparative analysis of the power transmitted by the radar with/without
the MLL and received by the X-band horn antenna placed at distances of (a) 10\, (b) 15,
and (c) 20\. (d) Comparative analysis of the power received by the radar with/without
the MLL in the presence of corner reflector

effectiveness of the designed GRIN MLL and reliability of the in-lab setting measurement
approach. While the simulation results in Fig. 3.13b indicate a maximum radar gain at
10.4 GHz, the observed discrepancy suggests minor variations in the operational frequency
under certain experimental conditions or configurations. However, as shown in Fig. 3.13b,
operating within the 10 to 10.5 GHz range does not introduce significant differences in the
results or pose challenges to the design.

In the following measurement analysis, the spectrum analyzer was connected to the IF
port of the HB100 radar module, which was positioned in front of a corner reflector to
replicate the simulation results illustrated in Fig. 3.13a. Initially, the radar was not able
to detect variations in the IF output with and without the lens, due to power saturation
at the radar mixer. This mixer combines the TX and RX signals to produce an IF signal,
which is then processed to extract data such as range and velocity. When the received
signal meets or exceeds the mixer’s saturation point, no increase in IF output is observed,
despite additional received power. Notably, the HB100 radar module is characterized by
its low IF port power output.

To address the issue of high received power levels, increasing the range between the
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radar and the target was considered to attenuate the RX signals, facilitating a relative
comparison with and without the lens. However, the constraints of our measurement
environment, particularly the limited space and practical limitations on the maximum
feasible distance between the TX and RX antennas, prevented us from extending the
range adequately. Utilizing the corner reflector, as depicted in Fig. 3.14b, we were able to
conduct tests at a higher range, receiving a differentiated signal at 35\ where the reflected
signal is weaker. At this range, we recorded a received signal strength of -61 dB without
the MLL and -53.1 dB with the MLL, thus achieving an enhancement of 7.9 dB in received
power, as shown in Fig. 3.16d. Although this result is approximately 2.1 dB lower than the
10 dB enhancement predicted by our simulations, it could be attributed to measurement
errors or interference from other materials in the lab setting. Alternatively, this discrepancy
may indicate the need to further increase the distance between the radar and the corner
reflector in the anechoic chamber, a modification limited by the physical constraints of our
measurement setup. Notably, the radar’s detection range, as stated in the datasheet, is
estimated at 7 meters [175], yet our measurements were conducted at just around 1 meter.

To further validate the radar’s radiation enhancement in the boresight direction, the
power radiation pattern can be reconstructed using the outlined measurement approach.
Fig. 3.15 shows the setup, where the radar module is fixed in position with and without the
lens, while the horn antenna is rotated between -90 to 90 degrees in a 1D plane. Transmitted
power is recorded at each angle for both elevation and azimuth planes, capturing detailed
gain patterns under various scenarios. This configuration enables accurate measurement of
the antenna’s peak gain at multiple points, ensuring precise identification of the primary
propagation direction.

Full-wave simulation is employed to compare the results of the proposed power trans-
mission analysis with those obtained from measurements using this approach. Fig. 3.17
presents the captured data across angles ranging from -45 to 45 degrees in 5-degree in-
crements at 10.2 GHz. The consistency between measurement and simulation results is
evident, both with and without the GRIN MLL lens integrated into the setup, demon-
strating alignment across various angles.

The findings of this study are summarized in Table 3.2 and compared with various lens
designs reported in the literature for integrating with radar antennas for radiation improve-
ment. The GRIN MLL introduced in this work offers a compact, low-profile lens structure
designed for integration with bistatic off-the-shelf radar modules featuring TX/RX anten-
nas on the same plane. It reduces the focal point distance, enabling direct mounting to
the radar without affecting the reflection coefficient, while significantly enhancing power
transmission in the boresight direction, even with the antennas offset relative to the lens.
Additionally, the GRIN modified Luneburg lens features a simplified design theory that
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Figure 3.17: Measurement and simulation results of the reconstructed radar radiation
pattern for cases with and without the MLL integrated.

Table 3.2: Results comparison between the presented MLL and previously designed lenses
for radar integration in the literature.

Ref. Freq (GHz) || Fabrication Complexity Lens Dimension Focal Point Distance || Gain Imp. (dB) | Type of the Lens

79 Low 20\ x 10X 10A 14 hyperbolic dielectric
10.5 Low 5.250 x 5.25\ x 4.6\ 2.5\ 5.4 Spherical dielectric
10.5 High 21N x 24X x 1.82\ 0.21A 5.5 Planar
76.5 Low 19X x 3.3\ 11.48)\ 15.7 Cylindrical
10.5 Low 175\ x 2.1\ x 2.5\ 0.5\ 6.6 Dielectric Rods Array
122 High-CNC Machine 11X x 11X x 10.51 5.1\ 19 DPHL-T
122 High-CNC Machine TAN X 74X X 5.6\ 1.4\ 11.8 DPHL-O
122 High-CNC Machine 6.9\ x 6.9\ x 4.1\ 3.2 10.6 DFZL

This Work 10.4 Low-3D Printed 5A X BA x BA 0.06\ 10.2 GRIN Luneburg Lens

allows for uniform fabrication using a rapid, cost-effective 3D printing method.

This work paves the way for the development of high-performance, low-profile radar
modules with superior detection and communication capabilities. Future research could
focus on extending this approach to incorporate radar beam-steering or multi-beam, multi-
radar systems. These functionalities, inherent to conventional GRIN Luneburg lenses due
to their symmetric permittivity profile, could be adapted for the MLL design to further
expand its capabilities when integrated into bistatic radar configurations.

3.4 Summary and Key Takeaways

In the context of radar sensing enhancement, both 3D lens structures and planar metasur-
faces offer effective solutions for electromagnetic beam shaping and power focusing. This
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thesis first explores 3D lenses such as dielectric rods and GRIN-based structures, due to
their proven role in far-field high-gain radar systems. These designs serve as a foundation
for validating passive sensing enhancement techniques. However, their limitations in com-
pactness, conformality, and near-field integration, as summarized in Table 3.3, motivate
the transition to more flexible alternatives. Planar metasurfaces overcome these challenges
by supporting tunable near-field focusing, conformal skin integration, and precise phase
control on a compact footprint, making them better suited for biomedical sensing.

Table 3.3: Comparison of 3D Lenses and Planar Metasurfaces for Bio-sensing Radar

Aspect

3D Lens Structures

Planar Metasurfaces

Geometry

Bulky 3D structure

Flat, compact, and conformal

Focal Point Location

Fixed on the lens surface

Adjustable within the near-
field region

Design Flexibility

via GRIN index modification

via phase synthesis analysis

Beam Steering

Mechanical feed rotation

Programmable phase control

Beam Tilting with

Radar Integration

High-efficiency tilt achievable
with modified lens

Moderate-efficiency tilt via
phase synthesis

Power Transfer into

Skin

Limited due to reflection and
impedance mismatch

High efficiency when

impedance matched

Skin Integration

Difficult due to size and cur-
vature

Easily embedded or confor-
mally attached

Miniaturization Poten-
tial

requires large aperture for
gain

enabled by
unitcells

subwavelength

SNR
Depth

and  Sensing

High far-field gain but poor
near-field resolution

Enhanced SNR and resolution
in near-field

Fabrication Process

Straightforward (3D printing)

Requires precise unitcell de-
sign and lithography

Operating Regime

Optimized for far-field appli-
cations

Specifically designed for near-
field sensing

Application Suitability

Best for long-range, direc-

tional sensing

Ideal for biomedical and wear-
able systems
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Chapter 4

Radar Near-Field Sensing Using
Metasurface for Biomedical
Applications

Radar sensing has emerged as a promising technology in biomedical applications due to
its ability to perform contactless, non-invasive, and continuous monitoring of physiological
parameters. Unlike conventional methods that require direct skin contact or invasive pro-
cedures, radar systems utilize electromagnetic waves to detect subtle changes in biological
tissues, enabling real-time tracking of vital signs such as respiration, heartbeat, and body
movement, even through clothing or bedding. With the miniaturization of hardware and
the rise of radar-on-chip solutions, these systems are increasingly suitable for wearable and
unobtrusive health monitoring.

However, when it comes to sensing internal physiological parameters such as blood glu-
cose concentration, hydration levels, or dielectric changes in deeper tissues, radar systems
face significant limitations. While surface-level monitoring can rely on motion-induced
Doppler shifts, subsurface sensing demands the radar signal to penetrate biological layers
while maintaining resolution and signal integrity. This is complicated by high dielectric
losses, impedance mismatches, and the frequency-dependent absorption of biological me-
dia, especially at millimeter-wave frequencies. Additional challenges include multipath
reflections, motion artifacts, and the complex electromagnetic behavior of heterogeneous
tissues.

When considering the hardware design of a radar system, the radar chipset architecture
and an appropriate design of the accompanying antenna are required. When used in bio-
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sensing applications, the performance of a radar hardware system is evaluated by utilizing
the antenna’s near-field sensing capabilities when placed in close proximity to a human
body. Near-field-focused (NFF) antenna design has been studied in the literature for a long
time for body-centric wireless communications applications [192, ]. As we established,
utilizing the radiated power of the transmitter antenna by focusing the electric field at a
specific location close to the radar surface is an effective method for improving near-field
sensing [120].

High-profile antennas such as reflectors and aperture antennas are commonly used for
near-field sensing due to their strong focusing capabilities [97]. However, their bulky
structure makes them unsuitable for compact or low-profile applications. While planar
microstrip antennas offer a more compact and easily fabricated alternative [31], a single
element typically produces low near-field intensity. To overcome this, near-field focused
microstrip arrays have been proposed to enhance power transfer efficiency [99]. Yet, achiev-
ing strong focus requires a large number of elements, leading to complex feeding networks,
increased fabrication costs, and higher losses. Space-fed planar arrays such as reflectarrays
and transmitarrays eliminate complex feed networks and improve efficiency by shaping the
phase front [100]. Nonetheless, most existing designs are optimized for far-field operation
and lack near-field focusing capability, with high-profile configurations and distant feed
antennas that hinder seamless integration with compact mm-wave radar systems.

These constraints highlight the critical importance of advanced electromagnetic wave-
front control strategies such as near-field focusing and impedance-matched metasurfaces,
for enabling efficient power transfer and spatially localized field enhancement at the tissue
interface. In this context, the integration of metasurfaces with radar systems presents a
promising avenue for addressing the limitations of conventional antenna configurations,
thereby advancing the capabilities of non-invasive biomedical sensing. However, an in-
depth review of existing literature indicates a notable gap: current metasurface designs
generally lack the structural attributes necessary for low-profile, highly integrated im-
plementation at millimeter-wave frequencies. This deficiency significantly impedes their
compatibility with compact radar platforms and undermines their applicability in high-
precision, near-field biomedical sensing scenarios.

Additionally, the majority of studies on near-field focusing consider the antenna’s ra-
diation in free space. The human body creates a different environment in the antenna’s
radiation region, which leads to detuning and impedance mismatching, which degrades the
antenna performance and lowers the penetration power density into the body, making the
prior methods unsuitable for biomedical applications when the human body is in contact
with the radiating elements [36]. To address this issue, some efforts in literature have
been reported. The method involves treating the skin as a layer of the antenna substrate
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operating at 2.45 GHz, aiming to decrease the signal scattering from the skin and direct
more of the transmitted signal towards the tumor [I19]. In a recent study, this issue is ad-
dressed by introducing a chest-wearable 60 GHz radar system for continuous monitoring of
cardiorespiratory displacement waveforms, evaluating the antenna’s performance in close
proximity to the skin with an airgap of A\ using electromagnetic simulations [13]. Placing
an appropriate solid or liquid media between the antenna and the tissue is another ap-
proach to effectively reduce antenna mismatching [131]. To mitigate impedance mismatch,
however, a number of media layers are required, resulting in a high-profile structure that
poses integration difficulties, and applying liquid onto a person’s skin can evoke discom-
fort. Metamaterials and metasurfaces, which are more practical and easier to integrate with
radars, can also be used to improve antenna matching in the presence of tissue [132-135].
A bow-tie antenna design utilizing metasurfaces as an impedance-matching layer between
the biological tissue and the antenna is proposed to enhance radiating performance when
close to the human body at 2.56 GHz [30]. However, creating a metasurface with the
intention of enhancing antenna matching close to the human body is insufficient to deliver
a highly near-field focused power directed towards the body, and to significantly enhance
the near-field sensing capabilities of the radar.

The concept of near-field sensing improvement of a radar system including transmit-
ter/receiver (TX/RX) antennas implies a significant increase in the near-field power density
radiated by TX into the body without disturbing antenna impedance matching while im-
proving radar sensing by providing more received power reflected from the body into the
RX antenna, representing the signal-to-noise ratio (SNR) enhancement of the radar sys-
tem. It is therefore extremely challenging to develop a compact, wireless mm-wave radar
for biomedical applications meeting the proposed requirements for high near-field sensing,
high levels of integration, and low manufacturing costs.

Given a specific mm-wave radar chipset and antenna design, along with a pre-determined
human body area of interest, Fig. 4.1a, this study presents an approach for the high near-
field sensing of the radar system for biomedical applications by integrating a designed
planar transmissive metasurface acting as a buffer between the radar TX/RX on-chip an-
tennas and the human body skin as depicted in Fig. 4.1b. The presented methodology,
metasurface-enhanced radar near-field sensing, could be applied to a diverse set of biomed-
ical sensing applications, including glucose monitoring [27, 38, 39], skin cancer detection
[11], as well as heart and on-body radar cardiorespiratory monitoring [13].

This thesis underscores its emphasis on real-time diagnostics, with particular focus on
the critical need for continuous blood glucose monitoring as a key component in diabetes
management. The ultimate goal is to enable seamless integration of glucose sensing capa-
bilities into wearable radar-based devices, highlighting the specialized application of the
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Figure 4.1: (a) A wearable device equipped with radar technology positioned near a human
hand; (b) Incorporating a metasurface structure between the radar antennas and the hand
to enhance the near-field energy coupling and Signal-to-Noise Ratio (SNR).

proposed metasurface technology. To support this vision, this chapter introduces a struc-
tured set of metasurface-enhanced designs aimed at improving near-field electromagnetic
field focusing, sensing depth, and signal fidelity. Full-wave electromagnetic simulations,
along with fabrication and experimental measurements, are conducted to assess the sys-
tem’s performance, focusing on essential parameters such as antenna impedance matching,
signal-to-noise ratio (SNR), and electromagnetic field penetration within realistic human
skin models.

The main objectives of the thesis, detailed in the subsequent sections, are as follows:

e Objective 1: Design and evaluate a single-frequency near-field-focused metasurface
for mm-wave radar integration.

e Objective 2: Implement a synchronized multi-radar bio-sensor fusion system for
distributed sensing, enabling simultaneous monitoring from multiple skin locations.

e Objective 3: Develop a dual-band, independently-tunable dual near-field-focused
metasurface capable of simultaneously focusing radar energy at different depths and
locations within biological tissue.

e Objective 4: Introduce a frequency-scanning multi-radar system with a multi-
band non-interleaved metasurface, enabling frequency-dependent multi-focusing for
enhanced resolution.
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4.1 Objective 1: Radar Near-Field Sensing Using
Single-Band Single-Focus Metasurface

Metasurfaces have emerged as a promising technology exemplified by their precise manip-
ulation of incident wave properties and enables exquisite control over electric field propa-
gation. When integrated with radar technology, metasurface-enhanced radar systems offer
unparalleled benefits providing higher resolution, increased sensitivity, and enhanced target
detection capabilities which fostering advancements in biomedical applications.

In this section, as reported in [194], we present the design of a low-profile planar meta-
surface tailored for near-field sensing in radar systems intended for biomedical applications.
The metasurface structure is designed to be integrated with radar transmitter and receiver
antennas, making direct contact with human body skin leading to the significant improve-
ment in the near-field sensing abilities of the radar system. This is achieved by enhancing
the absorbed power density transferred from the radar antenna into the skin medium along-
side improving the received power level which is reflected from the skin to the radar thus
enhancing the overall sensor signal-to-noise ratio. The low-cost passive metasurface design
comprises phase-synthesized unicells arranged in a two-layer microstrip array, aiming to
achieve suitable impedance matching between radar near-field radiation in free-space and
the human skin medium. For measurement verification, a medium with material properties
closely resembling the human skin layer within the radar frequency range of 58 to 63 GHz
is employed as a representative model. Full-wave electromagnetic simulation is used to
validate the metasurface performance, and the results show a high level of agreement with
the measured data. Measurement results inside the human skin model demonstrate that
using the metasurface enhances the near-field Poynting power density by more than 11
dB. Utilizing radar signal processing, the received power analysis demonstrates more than
11 dB improvement in radar SNR without disturbing input matching, providing better
sensing in biomedical applications.

4.1.1 Near-Field-Focused Metasurface Design in Skin Medium

The design process and performance of the metasurface are examined, taking into account
the design of the unitcell and the analysis of the phase-synthesized array. The fundamen-
tal concept, as per transmitarray theory, involves adjusting the phase of the electric field
radiation or the current sources of the array elements on the antenna’s aperture. This ad-
justment is done in such a way that their contributions converge in phase at a specific focal
point in the near-field region. In the context of near-field-focused antennas, the radiated
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Figure 4.2: Power transferred and efficiency investigation in the near-field focusing using
metasurface [103].

field’s maximum is achieved near the aforementioned focal point. This implies that the
peak of the power density is positioned between the focal point and the antenna’s aper-
ture. This is accomplished by using symmetric source-phase tapering, which compensates
for the various distances between each source point on the aperture and the focal point.
On the other hand, to increase the received power reflected from the human skin model,
impedance matching analysis in the metasurface design is highly required [191]. The fol-
lowing discussion covers the theory for the radar antenna radiation in the near field region
and unitcell and phase-corrected array designs in the presence of the human skin model.

As investigated in Fig. 4.2, the power F, is incident to the metasurface which is
considered as a matching network between two mediums with different properties in terms
of permittivity and conductivity. A good design of a metasurface will achieve a high
efficiency. The efficiency 1 can be defined as the ratio of the total focused power, P, to the
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total power radiated by the feeding source, Py, as n = mny = P»/Fy. Where 7, represents
the power transfer efficiency from feeding source to the metasurface, n=P;/F,, where
P, is the power captured by the metasurface. 7, represents the power transfer efficiency
from metasurface to foci, no=PF,/P;, where P; is the total power captured by the focusing
spots. In this section, P; and P, can be calculated by using numerical integration based on
the Poynting theorem. The former is an integration of the Poynting vector on the entire
aperture, ' — plane in Fig. 4.2, of the metasurface. The latter is a summation of the power
contained at N foci, where the power contained at each focus is obtained by integrating the
Poynting vector on the small slice, {2 planes in Fig. 4.2 covering the corresponding focal
spot [103]. On the other hand, to increase the received power reflected from the human
skin model, impedance matching analysis in the metasurface design is highly required.
The following discussion covers the theory for the radar antenna radiation in the near field
region and unitcell and phase-corrected array designs in the presence of the human skin
model.

To investigate the radar performance based on the theory in the scenarios with and
without the metasurface, one can use the Friis radar equation applicable to the near-field
region by modifying the parameters for the near-field analysis, including the antenna gain
and radar range equation as reported in [195]. For traditional monostatic radar systems
with far-field radiation, the radar path gain is given as (4.1).

P
Path Gain = =X = GTX2 GRXO-Q (4.1)
Prx  4nR?2 4(kR)
g ——
TX P

where Prx and Pry are the transmitted and received power, Grx and Ggx are the trans-
mitter and receiver antenna gain, respectively, &k is the wave number, o is the radar cross
section and R is the radar range between the TX and RX antennas.

According to (4.1), Friis’s law states that as the range increases, the transmitted and
reflected power density in the far field diminishes proportionally to the inverse square of
the distance as expressed in (4.2). However, when it comes to the near-field region, [190]
reports that electric and magnetic fields behave differently such that this principle needs to
be modified as the power decreases at a faster rate than the inverse square. Therefore, the
available power in a near-field link is much higher than the usual far-field. Modifying (4.1)
using the near-field consideration related to the radar range shows that the received power
is proportional to the near electric field as (4.3). Fig. 4.3 provides a comparison of path
gain variations relative to radar range, contrasting the far-field and near-field scenarios as
represented by (4.2) and (4.3), respectively. It demonstrates that at very short ranges, the
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Figure 4.3: Investigation of the path gain versus radar range variations for the near-field
in comparison to the far-field.

difference between path gains is in the order of +40 dB approximately. After the range of
0.2 A, the path gain variations versus the radar range for the near-field, however, is nearly
identical to that of the far-field.

1
Prx ~ |E” ~ [(kR)Q] Far — Field (4.2)
1 1 1
Prx ~ |E>~ | | Near — Field (4.3)

(kR (kR)' ' (kR)

To achieve a concentrated near-field power, the radar range which is the distance be-
tween the feeding antenna and the metasurface in contact with skin model is crucial. In
such circumstances, the Fabry-Perot Cavity (FPC) Theory emerges as a promising and
viable option. As shown in Fig. 4.4, a conventional FPC resonator antenna is formed by
placing a structure as a partially reflective surface (PRS) at a proper distance from the
ground plane, which creates an air-filled cavity between the PRS and the ground plane and
fed by a small antenna or an array [197]. According to the ray theory, the main character-
istics of the antenna radiation are determined by the property of the PRS and the distance
to the source. Part of the electromagnetic waves radiated by the antenna passes through
the coating directly, and the other part is reflected once or several times before passing
through the coating. By satisfying the (4.4), electromagnetic waves become superimposed
in phase, leading to the enhancement of power on the opposite side [195].
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Figure 4.4: A conventional FPC resonator antenna featuring a partially reflective surface
(PRS) creating an air-filled cavity between the PRS and the ground plane, fed by a source
antenna [197]

h=-" 4 (oprs + vanvp —2NT) , N=0,1,2,... (4.4)
A f
where h is the depth of the cavity, f is the resonant frequency of the antenna, ¢ is the
velocity of light, IV is the order of the resonance mode, ppgrg is the reflection phase of the
cladding structure, and pgyp is the reflection phase of the ground plane. Normally, vgnp
is 7 due to its almost full reflection, and pprg can be derived from as follows,

drh
@mm:%}f+@N—Uw, N=0,1,2,.. (4.5)

Utilizing (4.5), one can calculate that by selecting the zero-order mode (N = 0) and
setting the air gap distance to half-wavelength (h = A\/2), the resulting phase ¢ pprgs is equal
to m. Hence, by applying the discussed Fabry-Perot theory, when a source is emitted,
all waves undergo a 180-degree phase shift at the PRS surface. Consequently, one can
categorize the waves into two groups: i) waves passing through the PRS without reflection,
and ii) waves that are partially reflected from the PRS. In the second category, when
the reflected waves reach the source ground, they once again experience a 180-degree
phase shift. This implies that the reflected waves from the PRS accumulate a total phase
shift of 360 degrees, aligning them in phase with the initial waves radiating from the
source. Consequently, this structure manages to maintain the coherence of reflected waves,
reinforcing them in phase with the primary radiation, ultimately amplifying the overall
power on the opposite side of the PRS.

Therefore, if an airgap distance of A\/2 (A in free-space) is considered, in accordance
with the Fabry-Perot Cavity (FPC) theory, the proposed metasurface is employed in the
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configuration of a FPC which reduces backscattering and increase the peak radiation of the
underlying source antenna leading to enhance transferred power density into the skin [197].
As investigated in Fig. 4.3, placing the metasurface and skin model at the range of \/2 at
60 GHz, 2.5 mm airgap above the radar antenna, allows using far-field approximation, and
utilizing Friis’s Law with the transmitted and reflected power variations proportionally to
the inverse square of the range, (4.2), is acceptable.

In the near field region, where the electromagnetic wavefronts are not far enough apart
to be considered planar waves, the gain of an antenna can be defined in terms of the
ratio of the power density in a particular direction to the power density that would be
produced by an isotropic radiator at the same distance and with the same input power
[199]. Considering the above-mentioned far-field approximation, the relationship between
the near axial field strength and the near-field gain can be expressed as (4.6). The axial
field strength of the antenna in the near field can also be obtained through the full wave
simulation. Thus, increasing the electric field intensity in the near-field region of the
antenna using the transmissive metasurface, has a direct impact on the near-field gain
improvement at the specific distance and particular direction for both TX and RX radar
antennas.

Re (E x H*) . 2w R?

4.6
Input Power (4.6)

GTX ) GRX =

As a result, according to (4.1), the near-field gain improvement leads to the received
power, Prx, enhancement which provides better sensing for the proposed mm-wave radar.

4.1.2 Metasurface As an Impedance Matching Medium

In accordance with the transmitarray theory, using a transmissive metasurface between
the radar system and the skin model can provide higher focused transmitted as well as
received power to increase SNR. In such instances, the functional role of the metasurface as
an impedance matching interface between the radar antenna radiation and the human skin
medium is of paramount significance, particularly within the domain of close-range radar
applications featuring proximate positioning of metasurfaces alongside radar antennas. In
this context, analysis of the metasurface’s spatial placement is imperative to determine
whether it resides within the far or near-field region of the radar antenna’s radiation.

In the far-field region, the electric and magnetic waves move together with synchro-
nized phases and amplitudes fixed by the impedance of free space, 1207 2. However, in
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Figure 4.5: The transferred and received power in the radar system in the presence of the
metasurface loaded by the skin model

the near-field region, these fields are out of phase and the ratio of electric to magnetic field
amplitudes is a strong function of both radial distance to the source and orientation, result-
ing in non-uniform wave impedance deviation from the standard characteristic impedance

of 377 €.

When integrating a metasurface into the radar system, the radar transmitter (TX) an-
tenna radiates power Pr into the near-field region directed towards the metasurface loaded
with a human skin model. Consequently, the power received by the radar RX antenna
comprises reflections from the skin medium and the metasurface surface, Prx=Pr1+ Pro,
as shown in Fig. 4.5. In this case, the impedance matching considerations are required in
the design of the metasurface such that the reflected power from the metasurface, Pgy, is
decreased and Prx mostly provides the information coming from the skin medium leading
to higher biomedical sensing. To this end, the impedance of the skin medium and the
propagated wave in the near-field region of the free space are required.

In such a case, the general wave impedance equations can be used for the near-field
region as expressed in (4.7) [200]. Where 7, is the free-space impedance in the far-field
region, 3 is the propagation constant and R is the distance from the radar antenna surface.
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Figure 4.6: The free-space wave impedance variations in the near-field region of the radar.

As investigated, a half-wavelength distance considered in this section, makes the electric
and magnetic field phases diverge and as shown in Fig. 4.6, the wave impedance in near-
field free-space, Zg(r=\/2)=Zp, is obtained as 342 ) at the proposed distance which is
close to the free-space wave impedance in the far-field region, 377 €2. In addition, as
expressed in (4.8), Z1,=Zg is defined as the impedance of a general lossy dielectric medium
which can be used as the biological load impedance for the skin model [30].

Given Zr and Zg, the transmission line model is a suitable option to consider impedance
matching analysis in the metasurface design [36]. To achieve this, the human body skin
situated in close proximity to the radar antenna is simplified as a homogenous dielectric
slab possessing the characteristic properties of the analyzed anatomical skin region at 60
GHz. The impedance of this slab is determined through the utilization of (4.8). The
transmission line using the equivalent circuit model for the radar system integrated with
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Figure 4.7: (a) Analysis of transferred and received power between transmitter (TX) and re-
ceiver (RX) antennas in the metasurface-enhanced radar system loaded by skin model. (b)
Investigation of the radar system performance using impedance analysis for each medium,
comparing the radar system without a metasurface to (c) the radar system with integrated
metasurface.

and without metasurface is presented in Fig. 4.7a and 4.7b, respectively. In Fig. 4.7, Pr
and Pr denote the power that is transmitted through and reflected from the skin medium
in the absence of the metasurface. Conversely, Pry and Pry symbolize analogous power
quantities in the presence of the metasurface matching network. Furthermore, Zp is the
free-space wave impedance in the near-field region; however, at the point of metasurface
interference, \/2 distance from the antenna surface, the exact value of impedance can be
used, or it can be approximated with the free-space wave impedance in the far-field as
explained above. In that case, the impedance of the metasurface can be adjusted as Zy;
by simulating an impinging plane wave upon the proposed transmissive unitcell.

4.1.3 Planar Metasurface Unitcell Design in Skin Medium

It is necessary to conduct a design analysis of a periodic unitcell as a transmitting element
in order to streamline the design cycle of the proposed transmissive metasurface. The
square unitcell used in this study consists of two metallic layers printed on each side of
Rogers RO4003, a dielectric substrate, with 1.25 mm thickness. As seen in Fig. 4.8a, the
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Figure 4.8: Comparative analysis of transmissive metasurface unitcells designed in free-
space and human body skin medium. (a) Unitcell dimensions designed for radiation in free
space, (b) Simulation representing the Floquet port analysis of the unitcell designed for
free-space, (c) Unitcell designed for radiation in human body skin medium, (d) Simulation
illustrating the Floquet port analysis of the unitcell in the presence of the human body
skin modelled as a dielectric slab. The design parameter values are: Wyr=2.5, tp=1.25,
LF=132, SF:02, Wszll, LS=0657 SS:OQ, tspz?) (all in mm)

metallic layer is created by a symmetric crossed planar electrical dipole that offers dual-
linear polarization, and each branch size can be altered to control the transmitted fields’
phases. A full-wave simulator, HFSS, is used to evaluate the unitcell impedance matching
at 60 GHz as shown in Fig. 4.8b using the Floquet port analysis for the infinite array
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the skin model and the designed metasurface.

design. In the realm of biomedical applications, achieving an optimal design to enhance
the penetration of electric field intensity into the human body skin necessitates meticulous
consideration of the skin’s actual model during unitcell design and related simulations, to
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ensure proper impedance matching when the unitcell interfaces with skin media, rather
than free space. Accordingly, the human body skin is modeled as a dielectric slab with a
thickness of 3 mm, incorporating the characteristics of human skin which typically exhibits
a permittivity of 7.98 and a conductivity of 36.4 S/m at 60 GHz [201], to be contacted
with the metasurface unitcell without any air gaps in between.

To have a proper design for increasing the electric field intensity into the body skin,
it is highly necessary to consider the actual model of the skin in the unitcell design and
the related simulation such that the unitcell shows a proper impedance matching while
working in contact with the skin media, not free space. According to the microstrip design
theory, adding a dielectric slab with ¢, =7.98 instead of ¢,=1 which is used for free-space
medium, increases the effective permittivity of the total environment roughly from 2.2 for
the unitcell with free-space, to 5.7 for the unitcell with body skin model providing the
advantage of the smaller unitcell dimensions leading to low-profile array while reducing
phase error losses. In the design of the unitcell working in free-space, Fig. 4.8a, the typical
values of the length and width are considered as 0.5\ (X is the free-space wavelength at 60
GHz) with a 1.25 mm substrate thickness, while the dimensions of the designed unitcell
with human body skin model reduce to 0.22\ with a 0.8 mm substrate thickness, Fig. 4.8c.
The other advantage of unicell size reduction is to ensure that Wr < A avoiding more than
one spot region appearing in the near-focused region, as a similar concept to the grating
lobes occurs in the far-field radiation pattern of any uniformly spaced array [37]. Fig. 4.8d
illustrates a simulation model representing the Floquet port analysis of both unitcells in
direct contact with the human body skin, modeled as a dielectric slab.

Fig. 4.9 illustrates the reflection coefficient analysis of the designed unitcell working
in free space compared to the human skin medium, as depicted in Fig. 4.8b and 4.8d,
respectively. The analysis in Fig. 4.9 highlights a significant challenge encountered in the
unitcell design, where the reflection from the air-skin interface leads to notable mismatch-
ing, distinguishing it from typical metasurface designs reported in the literature. In this
study, the modified version of the designed unitcell specifically tailored for in-body skin
radiation, as shown in Fig. 4.8c, effectively addresses this issue.

From the reflection coefficient analysis, the unitcell impedance variation in the fre-
quency range of interest is extracted and shown in Fig. 4.10. Comparing wave impedances
inside the human skin model, Zg, and wave impedance in the metasurface, Zy;, indicates
that the design parameters of the metasurface are optimized such that providing a capaci-
tive behavior within the desired frequency band and, in particular, a value close to the skin
model impedance but opposite in sign at 60 GHz. Therefore, the designed metasurface
unitcell is able to counteract the inductive behavior of the human skin model providing
high impedance matching at this frequency range as shown in Fig. 4.9. As a result, us-
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ing the designed transmissive metasurface with skin features consideration reveals a high
impedance matching at 60 GHz between the radar antenna propagation and the skin model
leading to a higher transferred power into the skin medium, Pry > Pr, and higher reflected
power received by RX antenna, Py > Pr.

As a conclusion, concerning the near-field sensing analysis for biomedical applications
in this research, the utilization of the suggested crossed dipole structure for the unitcell
provides several novelties and advantages as summarized in the following:

i) Practical Innovation: The proposed unitcell introduces a novel approach to metasur-
face design for biomedical applications, addressing challenges related to reflections at the
air-skin interface. This unique characteristic distinguishes it from conventional metasur-
face designs. Ensuring effective electric field penetration into the body skin requires careful
consideration of the actual skin model during unit cell design and simulations. Optimized
design parameters provide capacitive behavior within the desired frequency band, particu-
larly aligning closely with the skin model impedance but with an opposite sign at 60 GHz.
This design counters the inductive behavior of the human skin, ensuring high impedance
matching between the radar antenna and the skin model. The result is increased power
transfer into the skin medium and higher reflected power received by the RX antenna;

ii) Size Reduction: The unitcell, incorporating a human body skin model, offers the
advantage of smaller dimensions, resulting in a low-profile array and minimizing phase error
losses. In contrast to the design for free space [202], [203], [204], where typical dimensions
are 0.5 X\ in length and width with a 1.25 mm substrate thickness, the unit cell designed
with a human body skin model features reduced dimensions of 0.22 A and a thinner 0.8
mm substrate;

iii) Providing one focused spot with high resolution: Reducing the size of the unit cell
has an additional advantage, ensuring that wr < A, preventing the appearance of more
than one spot region in the near-focused region. This concept, akin to grating lobes in the
far-field radiation pattern of uniformly spaced arrays [203], [204], enables a metasurface
with a highly focused focal point, enhancing biomedical sensing capabilities;

iv) Higher efficiency by resilience to Incidence Angle Variations: Crossed dipole unit-
cells can maintain relatively stable performance over a range of incident angles. This
characteristic makes them suitable for applications where the incoming signal angle may
vary, such as in near-field biomedical sensing. Taking advantage of the low-profile unitcell
with 0.22 X\ dimension, when the unitcells are illuminated at various locations, the oblique
incidents have a very low impact on the magnitude and phase of the unitcell. Therefore,
the phase error loss caused by the oblique incident is negligible, which simplifies the design
process while guaranteeing nondestructive effects on the phase difference compensation;
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v) Multi-polarization operation: Crossed dipole structure inherently produces dual lin-
early polarized (horizontal and vertical) as well as circularly polarized radiation due to its
symmetrical structure. In the near-field region of an antenna, the emitted electromagnetic
fields exhibit complex polarization characteristics, often displaying polarization in differ-
ent directions. This phenomenon arises due to the intricate interaction of electromagnetic
waves in the near-field zone, where the electric and magnetic field components vary signif-
icantly with proximity to the antenna. In such a case, it is essential to have a metasurface
design that supports and accommodates this diverse range of polarization states, ensur-
ing adaptability to the variable polarization conditions encountered in the near-field zone.
Understanding these diverse polarization characteristics in the near field is fundamental
for biomedical sensing applications where the specific polarization states play a significant
role in determining system performance and functionality. Using a crossed dipole struc-
ture allows passing near-field waves with any polarizations leading to higher electric field
intensity into the skin medium and as a result, increasing power transferring and higher
sensing;

vi) Ease of Fabrication and Integration: Crossed dipole unitcells are often simpler to
manufacture and integrate into the metasurface structure, making them a practical choice
for large-scale production and deployment;

vii) Reducing undesired reflections from the metal layer: Given that the design is based
on the near-field operation and considering a microstrip metasurface design, it is anticipated
that undesired reflections may occur when the metallic layer covers a significant portion
of the metasurface. In such instances, it is suitable to consider a unit cell design that
minimizes the metallic coverage on the surface. Selecting the unit cell design with the
crossed dipole structure reduces the metallic coverage, mitigating undesirable reflections,
which could otherwise interfere with the intended performance of the metasurface structure.

4.1.4 Planar Metasurface Array Design

In this configuration, the power is provided by a feeding element placed in the focus of
the metasurface and the phase shift is introduced by the change in the size of one of the
elements of the unitcell. Hence, the requirements for the unitcell should be the same than
for FF antenna, which means that by varying a certain parameter of its structure, it would
be necessary to obtain a 360-degree phase shift as well as a stability of the results with the
incidence angle. The NF of the antenna can be obtained as the sum of the independent
FF contributions of each of its elements, which is a modification of the FF model. Indeed,
an array NF pattern approximately equal to an assigned FF pattern is obtained once the
phase focusing is added to the synthesized FF-focused equivalent array.
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The methods used for the synthesis of NFF antennas can be classified into one of two
categories: the conjugate-phase approach and the multiobjective optimization techniques.
In the conjugate-phase approach, the phase of the excitation of each antenna radiation
source is set to compensate for the phase delay introduced by the path between the source
and the assigned focal point, to achieve a constructive interference of all the contribu-
tions at the focal point. Additionally, a proper tapering of the amplitude of the source
excitation can be chosen to control the level of the secondary lobes around the focal spot
region. Otherwise, if a multiobjective optimization technique is applied, it means that both
the amplitude and phase of the source excitations are simultaneously determined through
adhoc optimization techniques.

The conjugate-phase approach has a clear physical meaning based on a ray-optics
model. The optimization based approaches are much more general and flexible in that
they allow concurrent optimization of many NFF antenna parameters for almost arbitrary
antenna configurations and complex application scenarios. For example, optimization-
based approaches can be applied to the synthesis of NFF arrays with unequal elements,
NFF antennas radiating in lossy and/or non homogeneous media, antennas radiating in
presence of scatterers in their NF region, NF/NF or NF/FF multifocus antennas, and
plane-wave generators.

The metasurface layer is a structure where a wave from a feed is incident on a planar
array of elements. In order to produce the desired beam shape on the opposite side of the
planar array in a particular location in the near- or far-field region, each element is created
to add a particular phase shift to the incident electric field while maintaining magnitude
in a level close to the maximum. Considering a square planar aperture consists of NxN
radiating elements, with an inter-element distance Wy along both axes, the (m,n)th element
indicates the center point location of each unitcell in the x-y plane, where m and n are
integers, varying between (-N+1)/2 and (N-1)/2, N is considered to be an odd number.
The electric field radiated at an observation point P(x,y,z) by the NxN array expressed
as [37],

(N-1) /2 (N-1) /2

E(P)= > > Lun En(P) (4.9)

m=(—N+1) /2 n=(—N+1)/2

Where I,,,, and Emn(P) are the excitation coefficients and the radiated electric field
corresponding to the (m,n)th element of the array, respectively. For each element, the
feeding-current amplitude is adjusted equal to Iy, while its phase, ¢,,,, is selected so that
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Figure 4.11: Investigation of unitcell required phase shift to design a near-field focused
transmitarray metasurface to be placed at \/2 distance from the feed based on the number
of the elements in x and y directions. (a) 3x3 elements (b) 5x5 elements (c) 7x7 elements
(d) 9x9 elements.

all the element contributions add in phase at the focal point F'=(0,0, ), located along
the normal to the array plane,

2w
o = [\ (@2, + 42 +73) — 7ol + 0 (4.10)

A

where ¢,,,= ¢o provides the uniform-phase unitcells in planar array making far-field-
focused radiation. When the focal distance, ry, is greater than the aperture size, the above
phase tapering is usually approximated with a quadratic law which is valid for the far-
field region [205]. When the observation point is close to the array elements, 2rR/A<1,
where R is the distance between the radiating element and the observation point, the far-
field considerations such as parallel-ray approximation are no longer valid to use in the
electric field equation presented in (4.9). Additionally, the exact phase shift calculation
as described in (4.10) is necessary to focus the electric field at the focal point 7, which is
situated in the near-field region. Approximation formulas result in phase error losses and
non-focusing in the near-field.

The proper dimensions of the array unitcells are obtained by finding the required phase
delay compensation of the electric field at the frequency of interest using (4.10) in the
planar aperture at the metasurface location. This phase compensation mechanism results
in an equal-phase superposition of the propagated fields at the focal point in the near-field
region.

Using (4.10), the required E-field phase compensation ranges on the aperture supposed
in the metasurface location at ry=2.5 mm are obtained and the accessible phase ranges in
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x and y directions according to the number of the array elements, from 3x3 to 9x9, are
investigated and shown in Fig. 4.11. The phase shift required for each array is obtained as
Ap(3x3)=30, Ap(5x5)=120, Ap(7x7)=210, Ap(9x9)=340 degrees which are presented
in Fig. 4.11a to 4.11d, respectively. While using more unitcell elements in the metasurface
structure increases the electric field intensity, choosing the number of array elements is
constrained by the acceptable dimension as determined by the feeding antenna and, above
that, the range of the phase range compensation that unitcell can offer.

To design a full planar array metasurface, unit cells that can deliver 360 degrees of
phase shift are required to cover the required phase shift range with a minimum at the
center element, ¢,,,= ¢, and maximum at the edge elements [2006]. As reported in [207],
the maximum phase shift that a single-layer transmitarray metasurface unitcell can provide
is 90°for —3 dB transmission coefficient regardless of the shape of the conducting element.
To increase the amount of phase shift, stacked multiple single-layer unit cells can be used.
For the —3 dB transmission bandwidth, the two-layer structure provides a phase shift of up
to 180°, whereas the three-layer structure provides a phase shift of up to 300°. Increasing
the number of layers also increases the bandwidth for the desired frequency band [201],
while increasing design complexity and manufacturing cost.

According to this, the designed unitcell in this section is expected to provide up
to 180°phase shift at the magnitude reduction of up to -3dB due to using two metal-
lic layer structures. By changing the length of the metallic crossed dipoles’ branches,
Ds=Ls+Ws/2, it is demonstrated that the proposed unitcell can provide the desired
phase shift range at 60 GHz as shown in Fig. 4.12a. Considering Fig. 4.11, based on the
180°phase shift range that the unitcell provides, a suitable number of the array elements
should be selected by including the largest possible aperture to cover the source antenna
properly and provide the highest accessible focused power without substantially increasing
the phase error loss. Fig. 4.11a and 4.11b show that the 3x3 and 5x5 array elements with
required phase compensation of 30°and 120°are not quite effective in a focusing process.
Moreover, the 9x9 array with required A¢p=340°shown in Fig. 4.11d, makes a large phase
error loss due to unitcell phase limitations. Among all options investigated, the array of
7x7 with Ap=210°is the closest one to the available 180°phase shift as shown in Fig. 4.11c.
Therefore, the 7x7 array utilizing 49 phase-corrected elements provides the highest power
density into the human skin.

The variations of the unitcell transmission coefficients, phase and magnitude, versus
incident wave angle, are also investigated and shown in Fig. 4.12b. As shown, taking
advantage of the low-profile unitcell with 0.22\ dimension, when the unitcells are illumi-
nated at various locations, the oblique incidents have a very low impact on the magnitude
and phase of the unitcell. From Fig. 4.12b, for the proposed metasurface placed at \/2
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distance, the maximum incidence angles up to 70° required at the edge elements causes
the phase deviation lower than 4°, while the magnitude makes only 0.04 dB variations.
Therefore, the phase error loss caused by the oblique incident is negligible, which simpli-
fies the design process while guaranteeing nondestructive effects on the phase difference
compensation.

The preceding investigation pertains to the metasurface unitcell and array, with the
analysis conducted at the central frequency of 60 GHz. In light of the designated band-
width from the source antenna, the proposed radar chipset spanning 58 to 63 GHz, it
becomes imperative to assess the fluctuations in transmission coefficients across the entire
frequency spectrum within the specified range. This comprehensive evaluation is essential
for ascertaining the overall bandwidth of the entire system. Fig. 4.12 illustrates the mag-
nitude and phase responses of the two layers’ unitcell for varying lengths of crossed dipole
metallic branches. The results are presented across different frequencies within the band-
width of interest. In Fig. 4.12c, it is observed that the frequency range from 59 GHz to 61
GHz exhibits a favorable transmission magnitude change, with a maximum reduction of 1
dB. Conversely, at 62 GHz, a higher reduction exceeding 3 dB is observed, indicating that
the power improvement technique is less effective at this frequency. However, merely exam-
ining the transmission coefficient’s magnitude is insufficient for determining the bandwidth
of the metasurface-enhanced radar design. Consequently, the investigation extends to the
transmission coefficient’s phase, as depicted in Fig. 4.12d within the desired bandwidth.
Notably, the phase response for frequencies ranging from 59.5 to 61.5 GHz appears nearly
parallel, providing a constant shift throughout the bandwidth. Given the satisfactory re-
sults obtained from both magnitude and phase analyses of the transmission coefficient in
the frequency range of 59.5 to 61.5 GHz, it is anticipated that the near-field-focused radar
antenna integrated with the designed metasurface, affords a 2 GHz bandwidth to enhance
near-field power within the skin.

In this section, the design analysis of the proposed metasurface discusses the unitcell
and the transmissive array design using the phase-synthesized technique. The objective
is to focus the near-field power inside the human body skin and provide high impedance
matching between the antenna near-field radiation and the human skin medium at 60 GHz,
reducing power reflection from the air-skin interference. The next explores the simulation
results of the millimeter-wave radar integrated with the metasurface. Additionally, the fab-
rication process and measurement results are provided to demonstrate the feasibility of the
presented approach for near-field sensing enhancement required in biomedical applications.
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Figure 4.12: Simulated transmission coefficients (S21 magnitude and phase) of the two-
layered crossed-dipole unitcell in presence of skin layer. (a) magnitude (Mag) and phase
analysis for various metallic branches lengths at center frequency, Dg=Lgs+Ws/2; (b) mag-
nitude and phase analysis for various incident angles at center frequency; (c¢) magnitude
investigation across different frequencies within the desired bandwidth; (d) phase investi-
gation across different frequencies within the desired bandwidth.

4.1.5 Simulation Results: Radar System Integrated With and
Without Metasurface

This section showcases simulation results detailing the power transmitted into the human
skin medium and the power reflected by the skin. A comparative analysis is conducted
between scenarios involving the radar integrated with and without the metasurface. The
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validation of the presented results is further supported by sensitivity analysis. Additionally,
a novel phantom model is introduced for the fabrication and measurement process, and
the obtained measurement results are compared with the simulation outcomes.

Due to the demand for a compact and low-profile radar structure in biomedical ap-
plications, a suitable choice for near-field sensing improvement is using the planar array
antennas consisting of a source and a transmissive surface. According to transmitarray
theory, considering a microstrip PCB antenna as a source, one can improve its near-field
performance in the presence of the human body by adding a surface acting as an impedance-
matching network between the source and the human skin [120]. The proposed theory is
applicable to any type of radar system utilizing planar TX/RX antennas-on-chip.

As shown in Fig. 4.13a, the Infineon BGT60TR13C radar chipset includes four on-chip
antennas, one of which radiates as a transmitter and the others of which serve as receivers
[141]. The radar TX antenna can be considered as a feed of the transmitarray, and the
planar metasurface located above the radar is used as a transmitting surface. In this
section, the designed planar transmissive metasurface is used and it is investigated how
the Infineon BGT60TR13C radar chip antenna interacts with and without the proposed
metasurface regarding free-space and skin impedance matching, near-field focused power
absorbed from the transmitter antenna into the human skin, and radar SNR improvement.

The designed transmissive metasurface consists of 7x7 phase-compensated radiating
elements with an inter-element distance, Wy, along both axes as shown in Fig. 4.13b inte-
grated with the radar system. According to the Fabry-Perot theory, the distance between
the radar system and the designed transmissive metasurface is adjusted to maximize the
radiated field, as equal as A\/2 at 60 GHz. In order to make the work more feasible and
practical in the manufacturing and measurement process, the human body skin is mod-
elled as a phantom considering two interleaved cylindrical dielectric slabs, a beaker made
by Pyrex glass (e,=4.7 and ¢=0.5 S/m at 60 GHz [208]) filled by pure water (e,=11.17
and 0=36.4 S/m at 60 GHz [209]) with 5 mm height contacting the metasurface without
air gap. It can be shown that the effective characteristics of the new dielectric medium
(combination of the Pyrex beaker and pure water) is sufficiently close to the human body
skin at 60 GHz.

Within this frequency range, the external shell (Pyrex Glass) does indeed influence the
characteristics of the phantom. As per the literature, human skin exhibits a permittivity of
7.98 at the frequency of 60 GHz; however, the permittivity of pure water at this frequency,
under typical room temperature conditions, is 11.17. Consequently, it becomes imperative
to consider the impact of the external shell with a relative permittivity of 4.7 in the
calculations. In such scenarios, one can perform calculations to determine the effective
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Figure 4.13: Radar-Metasurface integration for near-field power density measurement using
a human skin model phantom. (a) The Infineon BGT60TR13C radar chipset with high-
lighted transmitter (TX) and receiver (RX) antennas and the designed phase-corrected
transmitarray metasurface (b) radar integrated with the metasurface contacting the pro-
posed phantom, a beaker filled with pure water, in replace with human skin model.

permittivity of the entire volume that the metasurface is facing as (4.11), where V3, V5,
..., Vp, are the volume fractions of the individual components, and €1, €, ..., €, are their
respective permittivities. In this model, the inverse of the effective permittivity is equal to
the sum of the volume fractions divided by the permittivities of the individual components.

S et () (4.11)

Using (4.11), one can calculate the effective permittivity of pure water in combination
with a Pyrex glass beaker. As mentioned above, a Pyrex (e,=4.7) filled by pure water
(6,=11.17) with 5 mm height contact the metasurface without air gap. Given that the
thickness at the bottom of the glass beaker is measured as 1 mm, the volume fractions are
calculated as 0.2 for the beaker (1 mm/5 mm = 0.2) and 0.8 for the pure water (4 mm/5
mm = 0.8). Utilizing the (4.11), the effective permittivity of the medium is determined as
e-(effective) = 8.75. Consequently, a comparison between the permittivities of the proposed
phantom (8.75) and human skin (7.98) at 60 GHz reveals a difference of approximately
0.77, which is not deemed significant. However, it is important to note that this difference
does impact the performance of the metasurface, as explained in the following sensitivity
analysis section. Some of the parameters shown in Fig. 4.13 are fixed and selected by the
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Figure 4.14: (a) The required phase shift compensation of the 7x7 array when TX radar
source is in the offset, and (b) The phase difference between the case when source is placed
in offset with the case source is placed at the center of the 7x7 array.

dimensions of the Infineon radar chipset; Wgy=26, Lsy=40, Wr=6.5, Lr=5 (all in mm).

According to the phase analysis presented in previous section, the microstrip crossed
electric dipoles as transmitting elements are properly designed for the compensation of
the differential spatial phase delays from the radar antenna radiation. However, in the
design of the proposed metasurface two assumptions have been considered: i) the source
antenna should be placed at the center location of the metasurface so that covering the
antenna symmetrically; as a consequence, when the metasurface is integrated with the
radar system, the TX antenna has an offset from the center of the array causing phase
difference between the elements. The required phase shift compensation when the source
is offset and how it differs from the case where the source is positioned in the center are
investigated as shown in Fig. 4.14. As seen in Fig. 4.14a and 4.14b, when the TX radar
antenna is excited, the maximum phase difference of 50°caused by the edge elements affects
the array required phase shift leading to phase error loss and E-filed focused deviation. As
investigated, this phase error loss causes degradation of 1.2 dB in the maximum accessible
focused power density inside the human skin model. Moreover, the offset TX source makes
the focused power inside the skin deviates from the orthogonal direction which is not a
concern in this application; ii) The radar antenna radiation illuminates the metasurface
unitcells in the normal and oblique directions according to its alignment with the array.
In such a case, the phase analysis presented in Fig. 4.11 and 4.12 are studied based on the
normal incident considerations. Nevertheless, the phase shift delays of the normal incident
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Figure 4.15: Simulated 2D contour plots of radar system transmitter antenna near-field
radiation inside the phantom model at 60 GHz, illustrating on a plane positioned 2 mm
above the metasurface. (a) radiated electric field (E-Field) intensity of radar system with-
out metasurface (b) radiated electric field intensity of radar system integrated with the
metasurface; (c) radiated near field (NF) power density of radar system without metasur-
face (d) radiated near field power density of radar system integrated with the metasurface.

wave illuminated the unitcell is different from the oblique incident one [204]. Although
using the proposed symmetric metasurface increase the NF power radiated from the TX
antenna and the received power to the RX antenna; the phase error caused by oblique
incident radiation from the feed can prevent reaching the maximum power improvement
as can be obtained for a microstrip patch antenna placed at the center of the array [120].

The proposed structure is simulated using a full wave electromagnetic simulator, HF'SS,
and the results of near electric field magnitude and focused power density of the radar

110



S = o,
t’“ﬂ:- - o
10 ﬁffac“:'::'ﬁm 2="7 " 4 10
S o S
-20 0
\ /"\.'
o -30 9.5 dB 100
E - - oty t ——- E
2-40 ——t et e 205
o= S eSS
% -50 _°" 11.5dB 30%
[ V |>5
o 60 -40 ~
= TX-TX, Radar Without Metasurface, With the Phantom
=70 [[= TX-TX, Radar With Metasurface, With the Phantom -50
==Couling, Radar Without Metasurface, With the Phantom
-80 ==Coupling, Radar With Metasurface, With the Phantom -60
= Coupling, Radar Without Metasurface, With Skin Medium
20 = Coupling, Radar With Metasurface, With Skin Medium 70

55 56 57 58 59 60 61 62 63 64 65
Frequency (GHz)

Figure 4.16: The S-parameter analysis, simulated reflection and coupling magnitude of the
radar system transmitter (TX) and receiver (RX3) antennas integrated with and without
the metasurface in presence of the phantom model.

system in the presence or absence of the proposed transmitarray metasurface are obtained
inside the pure water modelled as a cylindrical slab. For this model, the maximum peak of
the power density occurs at 2 mm distance above the metasurface, 1 mm above the beaker
bottom, inside the pure water model. As shown in Fig. 4.15a and 4.15b, the designed
metasurface provides a significant enhancement on the near electric field inside the water
which is 8.8 times higher than the radar antenna without metasurface. It is expected that
the near-electric-field enhancement provides a very directive near-field power density with
high intensity.

Fig. 4.15¢ and 4.15d show the 2D contour plots of the power density radiated by the
TX radar antenna in the presence and absence of the near-field-focused planar metasurface
in a rectangular region, lying on the plane in parallel to the array with 2 mm distance. It
is apparent that using the near-field-focused metasurface provides 11.5 dB (more than 14
times) improvement in the radiated power density across a z-constant surface above the
metasurface inside the beaker-filled with pure water model at 60 GHz.

The S-parameter analysis of the reflection and transmission coefficients, S(TX-TX) and
S(TX-RX3), for the radar system with and without metasurface, are also investigated, and
compared in Fig. 4.16. The investigation of the reflection coefficient at the radar TX port
shows that using a proper design of the unitcell in contact with the skin model makes an
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array which is high impedance matched with the beaker-filled with water medium at the
frequency bandwidth of 59 to 63 GHz. Fig. 4.16 shows that considering the model of
the beaker filled with pure water provides 11.5 dB power reflected enhancement from the
Water medium to one of the radar receivers, RX3, leading to significant enhancement of
the radar SNR.

4.1.6 Sensitivity Analysis in Near-Field Bio-Sensing Design

Sensitivity analysis is vital in optimizing the proposed near-field metasurface-enhanced
radar for biomedical applications. By discerning pivotal parameters shaping device perfor-
mance, one can precisely refine the design to attain desired sensitivity and accuracy levels.
This process enhances the device’s robustness, ensuring consistent functionality across
diverse conditions, including varied testing scenarios. Furthermore, sensitivity analysis fa-
cilitates precise customization, adapting the radar to meet specific biomedical application
requirements.

In this research, sensitivity analysis plays a crucial role in accounting for the non-
planarity of the skin surface, the metasurface air gap distance, and inter-individual per-
mittivity changes associated with the proposed phantom, a beaker filled with pure water.
Post-performance assessment, the sensitivity analysis extends to additional aspects for a
comprehensive examination:

I) The impact of human skin non-uniformity on planar transmissive metasurface per-
formance: The proposed planar metasurface, in conjunction with a rigid structure, may
not perfectly conform to the non-planar human body, potentially creating air gaps in
certain scenarios. However, this metasurface-enhanced radar near-field sensing method
exhibits versatility across biomedical applications, including glucose monitoring, skin can-
cer detection, and on-body radar cardiorespiratory monitoring. The study emphasizes the
development of a highly sensitive millimeter-wave radar for real-time disease diagnostics,
with a specific focus on continuous blood glucose monitoring for diabetic care. As a result,
the primary objective is to integrate glucose monitoring seamlessly into wearable devices,
tailoring the metasurface technology for this targeted application context. Therefore, the
probability of a significant gap is minimal when utilizing metasurface-enhanced radar as a
wrist-worn wearable device.

This is attributed to the small effective area (7.7 x 7.7 mm?) and the secure fit of
devices like smartwatches, facilitating practical biomedical sensing. According to existing
literature, the average wrist circumference is reported in [210] to be 6.89 inches (17.5 cm)
for males and 5.9 inches (15 cm) for females. Considering the smallest wrist circumference,
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Figure 4.17: (a) The metasurface array’s scale relative to a wearable device, like a smart-
watch worn on a human wrist, showcasing the substantial difference in dimensions; (b)
The transmission coefficient analysis of the metasurface unitcell under different air gap
conditions between the metasurface and the human skin model

the effective contact area with a wearable device, such as a smartwatch, is approximately
6.5 cm. Illustrated in the Fig. 4.17a, the metasurface array’s contact area with the hand
is roughly 9 times smaller than the total area. Moreover, tightly fitting devices such
as smartwatches ensure a gap-free connection around the wrist. This allows us to treat
the effective area as essentially planar, with a high degree of accuracy and minimal space
between the body and the metasurface. Therefore, the compact design of the metasurface’s
effective area makes it particularly well-suited for biomedical sensing across various body
parts.

Given that there is generally no substantial gap between the designed metasurface and
human body skin, it is also of interest to analyze the performance of the metasurface if
there is a gap to the human skin in rare cases. The simulation results involve the radar
integrated with a metasurface, considering air gap variations from 0 to 1.5 mm. The
simulation analysis encompasses the transmission coefficient of the metasurface unitcell
and the transmitted power enhancement of the array structure. The Fig. 4.17b depicts
the unitcell analysis considering various air gaps. The investigation demonstrated that a
0.5 mm air gap resulted in a 1 dB reduction in the transmission coupling factor necessary
for the effective transfer of high power by the metasurface. Expanding the gap by 1 mm
resulted in a more significant impedance mismatch in the near field. This occurred because
the 1 mm thick air gap acted as an additional load between the metasurface and the human
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skin, leading to a 4 dB reduction in transmitted power. The introduction of additional air
gaps resulted in further reductions in transmitted power and an increase in power reflected
from the air-skin interface.

Extending the investigation to analyze transmitted power enhancement using the meta-
surface within the skin medium, while considering air gap distances of 0.5, 1, and 1.5 mm,
demonstrates a decrease in near-field power enhancement inside the skin of 1.2, 4.5, and
7.5 dB, respectively. It is crucial to emphasize that the designated near-field focal point,
positioned 2 mm above the metasurface, does not penetrate the skin medium in the pres-
ence of an air gap measuring 2 mm or more. Consequently, this non-penetration leads to
a lack of observed power enhancement. Under these conditions, the outcomes align with
those observed when the metasurface is not integrated.

In scenarios where uniformity is pivotal for deploying the presented metasurface-enhanced
radar system in various biomedical applications, several strategies can mitigate the impact
of non-uniformity. i) Reducing the metasurface array size while preserving resolution en-
hancement capability addresses non-uniformity concerns by maintaining consistent results
in a smaller area. ii) Incorporating a flexible substrate in the metasurface design allows
it to conform to body skin contours, effectively minimizing non-uniformity issues. iii)
Employing machine learning algorithms, coupled with signal filtering techniques, robustly
accounts for skin variability in radar power reception, mitigating interference. iv) Creating
a wideband metasurface enables the radar system to operate across frequencies, offering
advantages in penetrating the skin at different depths and interacting distinctively with
skin features, potentially providing a more comprehensive perspective.

IT) Exploration into the critical dynamics of permittivity across inter-individual differ-
ences in human skin: The acknowledged typical permittivity value for human skin may
vary due to individual differences. The electrical characteristics of human tissues, partic-
ularly permittivity and conductivity, demonstrate considerable variability among individ-
uals. The intricate interplay of factors, including hydration levels, age, health status, and
tissue composition, adds complexity to the characterization of electrical properties. Per-
mittivity, shaped by tissue composition and structure, tends to exhibit more pronounced
variations. In contrast, conductivity, influenced by factors like ion concentration and mois-
ture content, generally shows less noticeable fluctuations.

Since the metasurface is in direct contact with the human body’s skin, it is essential
to consider the correct values of the permittivity and conductivity of the skin. In general,
for bio-sensing applications considering skin medium along with fat, muscle, and bone,
the inter-individual differences are high due to the body shape differences. However, for
applications such as glucose monitoring or skin cancer detection, it is well documented that
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the 60 GHz signal will be rapidly attenuated into the body (within few mm). Therefore,
when accounting for individual variations in skin dielectric properties, the changes in per-
mittivity at 60 GHz are not substantial. Thus, our investigation focused on understanding
how a maximum of 10% tolerance in permittivity variations impacts the performance of
the metasurface.

As investigated in Fig. 4.18, modifying skin permittivity influences the central fre-
quency and decreases the transmission coefficient within the metasurface unitcell. At 60
GHz, a deviation of £5% causes a transmission coefficient reduction of less than 1 dB, while
a deviation of +10% results in reductions of 2 dB and 1.2 dB, respectively. Extending the
evaluation to the array structure, altering permittivity by £5% leads to transferred power
reductions of 1.4 dB and 0.9 dB, respectively. Modifying permittivity by +10% results in
changes leading to power reductions of 2.3 dB and 1.9 dB, respectively.

IIT) The difference between the power reflected from the proposed dielectric slab as a
skin and the beaker-filled with pure water: As investigated in Fig. 4.16, the metasurface in
the presence of the skin model provides 9.5 dB enhancement in the reflected power, while
11.5 dB when the beaker filled with pure water is used. As investigated, the difference in
material effective permittivity, €, and conductivity, o, between the human skin model and
the beaker filled with pure water accounts for this 2 dB difference in S(TX-RX3) values.
As reported in [209], the permittivity and conductivity of pure water at the frequency of
60 GHz, under typical room temperature conditions, are 11.17 and 65.3 S/m, respectively.
Consequently, it becomes imperative to consider the impact of the external shell in the
calculations. According to the literature, Pyrex glass demonstrates a relative permittivity
of 4.7 and a conductivity of 0.5 S/m, at 60 GHz. In such situations, one can compute the
effective dielectric properties of composite materials arranged in series across the entire
volume facing the metasurface.

The effective permittivity of the overall medium, a beaker filled with pure water, is de-
termined to be 8.75. Consequently, comparing the permittivity of the proposed phantom,
8.75, to that of a typical human skin model, 7.98, at 60 GHz reveals a difference of approx-
imately 0.77. When comparing the permittivity of the phantom with that of human skin,
it is noted that the tolerance is within +10%. Consequently, as investigated in Fig. 4.18,
the anticipated outcome is a 2 dB reduction in the power transferred into the phantom
compared to the power transferred into human skin. In this scenario, it can be inferred
that the difference in focused power has been transformed into dissipated and reflected
power, contributing to an enhancement in the reflection power when using the phantom as
opposed to the human skin slab. On the conductivity front, the calculated conductivity of
the phantom (a beaker filled with pure water), at 60 GHz and room temperature stands at
42 S/m. In contrast, the conductivity of human skin at 60 GHz is measured at 36.4 S/m.
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Figure 4.18: Analyzing the transmission coefficient of the metasurface unitcell in response
to variations in the permittivity of the human skin model.

This implies that the phantom medium serves as a marginally better conductor, resulting
in increased power reflection directed towards the radar.

Therefore, the examination of both permittivity and conductivity indicates that uti-
lizing the proposed phantom, a beaker filled with pure water, results in less transferred
power into the medium compared to the human skin medium, leading to an enhancement
in power reflection. This is evident in Fig. 9e, where the power reflection from the phantom
(11.5 dB) is 2 dB higher than the power reflection from the skin medium (9.5 dB).

IV) Analysis of the Effect of Spacing Between the Metasurface and Radar Antenna
Surface: As presented in this research, placing the metasurface and skin model at the
range of A/2 at 60 GHz, adding a 2.5 mm air gap above the radar antenna provides the
highest power concentration into the medium, represented by human skin model. The
sensitivity analysis for the variations of the distance between the metasurface with radar
antennas’ array is supported by the simulations presented in Fig. 4.19. In this figure,
the result of the transferred power into the human skin medium, when the metasurface
is placed at the optimized distance of 0.5 A, is compared to the results of the transferred
power into the skin medium when the metasurface is placed at the distance of 0.6 A and
0.4 A. The results show that increasing the distance by 0.1 A and decreasing the distance
by 0.1 A resulted in a reduction of the maximum focused power into the skin by 1.1 dB
and 1.7 dB, respectively.

In conclusion, integrating the designed metasurface with the proposed radar increases
energy into the body skin as well as increases the transferred power between the transmitter
and receiver radar antenna while carrying more information from the skin medium. In
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Figure 4.19: Impact of varying air gap distances between the metasurface and radar an-
tennas’ surfaces on power distribution above the metasurface, illustrated for distances of
(a) 0.4 A, (b) 0.6 A.

the following, the fabrication process of the designed transmitarray metasurface and the
required measurement setup for measuring the near-field power inside the beaker filled
with pure water and power reflected to the radar system using radar signal processing are
presented and the results are discussed.

4.1.7 Fabrication Setup and Measurement Results

In the fabrication process, the prototype of the transmitarray metasurface, as depicted in
Fig. 4.20a, showcases its integration with the radar module. This integration is achieved
using a 3D printed dielectric fixture, strategically employed to stabilize the metasurface at
a half-wavelength air gap distance above the radar system.

The following measurement procedures are required to evaluate the performance of the
metasurface in a near-field radar sensing setup. First, the transmitted power radiated
from the radar TX antenna is measured to verify that the metasurface enhances power
density and effectively focuses energy within the phantom model. Second, the scattered
power received by the radar RX antenna is measured to assess whether the metasurface
improves the reflection of signals originating from within the phantom. This two-step
process ensures that the metasurface not only facilitates stronger energy delivery into the
biological medium but also enhances the reception of reflected signals, thereby improving
the overall sensing performance of the radar system.

Regarding the fabrication process, the three steps are required as the following: 1)
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Figure 4.20: (a) fabricated prototype showcasing the integration process of a radar system
with a transmitarray metasurface, utilizing a 3D-printed dielectric housing for enhanced
design precision; (b) measurement setup required for measuring near-field power density
inside the phantom.

the transmitarray metasurface using printed circuit technology consisting of the phase-
compensated two-layer unitcells to realize a low-profile square lattice array with total
dimensions of 1.54\ x 1.54)\ printed on both sides of a low-loss dielectric substrate, Rogers-
RO4003, with the thickness of 0.8 mm. As shown in Fig. 4.20a, the metasurface is
fabricated at the same dimensions as the radar for full integration. The designed array part
of the metasurface also covers the radar antenna to provide focused power into the water
medium. ii) a dielectric fixture using 3D printing technology to stabilize the metasurface
at half-wavelength airgap distance above the radar system as shown in Fig. 4.20a; iii) a
dielectric fixture required to be designed and fabricated using 3D printing technology for
the measurement setup to make the prob coming out from the Spectrum Analyzer stable
inside the beaker-filled with water proving high repeatability in the measurement results
of the transferred power as shown in Fig. 4.20b. Furthermore, the dimensions of the
measurement dielectric fixture are adjusted to tightly enclose the radar dielectric housing
and maintain the position of the beaker at the center of the array.

As shown in Fig. 4.20b, a special probe working at 60 GHz is connected to a spectrum
analyzer supporting the frequency range up to 110 GHz and is used for the power mea-
surement. A Pyrex beaker filled with 10 ml pure water is utilized to be placed on top of

118



-45 -4 21
- Water-Filled Beaker-Loaded Radar System without Metasurface, o o mRadar System Without Metasurface
£ Water-Filled Beaker-Loaded Radar System with Metasurface T .45 mRadar System With Metasurface ’ 18 8
o - g T
e 2 e—» 2
= 2 -50 1 Sg

. £ =
£-55 5-55 2
o @ 2
< 2 £
® -60 ® -60 o
= (%] T
[ ) )
. X -65 =
2 5 2
& 65 é’ ]
= 3 -70 o

o
-70 =75

58 59 60 61 62 63 0 10 25 50 100 200 500
Frequency (GHz) Concentrations (mg/ml)

(a) (b)

Figure 4.21: Measurement results of metasurface-enhanced radar signal transmission and
reflection in presence of the proposed phantom. (a) The measured near-field power den-
sity incident by Infineon radar transmitter (TX) antenna inside the beaker-filled with pure
water in the presence or absence of the designed transmissive metasurface. (b) The inves-
tigation of the measured power reflected from the beaker filled with pure water received
by the third receiver radar antenna (RX3) over a period in the presence or absence of the
designed transmissive metasurface for different concentration levels of glucose.

the metasurface array with a half-wavelength, 2.5 mm, distance above the radar antenna.
The experiment is repeated for the radar system without a metasurface such that very thin
cardboard is replaced with the metasurface at the exact location to maintain the beaker at
a specified distance above the radar surface. In both cases, the probe is immersed into the
beaker with a 1-mm distance above the beaker’s bottom surface, which is 2 mm above the
metasurface layer location. To obtain accurate results, the signal processing configuration
for the FMCW Infineon radar system working at 60 GHz is also presented in the Appendix
A and considered in the process.

The measurement results showing the power transferred into the water medium and
picked up by the probe are presented and compared in Fig. 4.21a. As can be seen,
using the designed transmitarray metasurface enhances the power received by the probe
at the operational radar frequency range, from 59.7 to 61.7 GHz. Fluctuations in the
enhanced transferred power result from both the distribution of radar power and specific
design considerations. Looking specifically at the designed frequency of 60 GHz shows an
improvement of 11 dB in the measured near-field power, which is in good agreement with
the simulation results representing the power density improvement of 11.5 dB in Fig. 4.15.
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The next step is the radar SNR investigation by measuring the reflected power from the
water to one of the radar receiver antennas (RX3). The algorithm in Appendix A is used to
measuring the received power in a period of time in the cases of the radar system loaded by
a beaker-filled with water in the presence or absence of the transmitarray metasurface. To
illustrate near-field sensing improvement with higher SNR, different concentration levels
of glucose are added to water and the results are analyzed and compared in Fig. 4.21b.
As shown, using the near-field-focused metasurface enhances the power reflection from
the pure water by 11.3 dB and improves the radar SNR around 13.4-times, which is in
good agreement with the simulation results presented in Fig. 4.16. Furthermore, in this
experimental study, the effect of varying the dissolved amount of glucose in water in the
presence of the metasurface is explored. 200 experiments for each scenario were carried out
to provide high repeatability. Although power reflection is reduced by increasing glucose
content in both cases, the metasurface clearly improves the received power level by the
radar as shown in Fig. 4.21b. The received power in the presence of the metasurface for
different sugar concentration levels has a resolution of around 0.5 dB per each 15 mg/ml
concentration, validating that the metasurface enhances the overall sensing functionality.

In conclusion, at the end of this section, a detailed comparison and informative descrip-
tions are presented to thoroughly discuss and highlight the novelty and advantages of the
proposed method, utilizing the designed metasurface to enhance near-field sensing, which
is essential for biomedical applications:

e Near-Field Theory Considerations: The metasurface is designed with a method-
ology tailored for near-field radiation theory, essential for biomedical sensing, in con-
trast to prior works focusing on usual far-field antenna radiation.

e Compactness: In near-field focusing, current antenna designs face integration chal-
lenges with low-profile radar due to their bulky structures. This study proposes a
low-profile, compact, and planar metasurface for seamless integration with a radar
system.

e Millimeter-wave Operation: The mm-wave frequency range is selected for its
high resolution and precision, bio-compatibility, and reduced interference making it
suitable for applications in wearable devices like smartwatches.

e Direct Human Skin Contact: Near-field studies typically focus on antenna radia-
tion in free space, but the human body causes detuning and impedance mismatching,
degrading performance. Existing methods are unsuitable for direct-contact biomed-
ical applications. The designed metasurface allows skin contact, enabling precise
targeting without interference.
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Impedance Matching Layer: The metasurface is carefully designed based on
impedance matching network theory to achieve highly effective impedance matching
between free space and the human skin. This design tackles a significant challenge
in the literature by minimizing reflections arising from air-skin interference.

Intensify Radiated Near Electric Field: The metasurface, with phase-synthesized
unicells significantly boosts the near-field electric field from the source antenna,
achieving an 8.8-fold improvement within the proposed skin phantom medium com-
pared to the radar antenna without the metasurface.

Intensify Near-field Transmitted Power: The metasurface enhances absorbed
power in human skin at 60 GHz without affecting source antenna impedance match-
ing. This near-field-focused design yields an 11 dB improvement in radiated power
density above the metasurface within the proposed skin phantom medium.

Intensify Near-field Reflected Power: Analyzing the radar’s reflection coeffi-
cient shows the metasurface amplifying reflected power from human skin by 11.3
dB. This enhancement leads to a notable 13.4-times improvement in radar SNR, en-
abling effective information transmission and high-performance near-field sensing in
biomedical applications.

Glucose Sensing Enhancement: In glucose monitoring, metasurface-enhanced
power measurements show a resolution of around 0.5 dB per 15 mg/ml sugar concen-
tration, maintaining a high SNR and confirming enhanced functionality in glucose
sensing.

121



4.2 Objective 2: Multi-Focus Distributed Sensing
Using Metasurface-Enhanced Multi-Radar Fusion

With advancements in sensor technology and signal processing algorithms, the adoption
of multi-sensor fusion techniques including the radar-based fusion [211], or integration of
radar with other sensing modalities such as cameras, LiDAR, and inertial measurement
units (IMUs) has gained significant attention across various fields [212], driven by the
increasing demand for higher accuracy, reliability, and real-time situational awareness, in
the applications such as autonomous systems, intelligent transportation systems, land use
mapping and monitoring, surveillance and industrial automation for multi-object tracking

[213].

A multi-radar system enhances sensing capabilities by integrating data from multiple
spatially distributed radar units, resulting in improved spatial resolution, target localiza-
tion, and detection probability through triangulation and diverse viewing angles. This con-
figuration enhances system reliability by introducing redundancy and enabling advanced
signal processing techniques. Particularly advantageous in dynamic environments, multi-
radar setups provide seamless target tracking and superior situational awareness over ex-
tensive areas, surpassing the limitations of single-radar systems.

The proliferation of multi-radar sensor networks is particularly evident in healthcare
and biomedical monitoring, offering enhanced precision in vital sign detection. The study
[214] introduces a fall detection system using range-Doppler radar sensor fusion to improve
accuracy and reliability in elderly care. By combining data from multiple UWB radars,
the system mitigates occlusions and directional limitations that weaken Doppler signatures
when motion misaligns with the radar’s line of sight.

Building on the benefits of multi-sensor fusion systems in healthcare, blood glucose
monitoring is a critical application that can greatly benefit from this capability. Because
glucose is heterogeneously distributed within human skin, which serves as a protective bar-
rier against environmental insults while contributing to vascular capacity, blood pressure
regulation, and glucose handling [215]. Glucose levels in the blood can vary significantly
depending on the site of measurement, as blood is not uniformly distributed throughout
the body. Recent research has extensively investigated various locations on the human
body for glucose monitoring, including the hand wrist [216], heel prick [217], hand palm
[218], forearm and finger [219], and ear lobe [220]. These studies aim to determine the
most reliable and practical sites for accurate glucose measurement; however, the results
vary across different measurement locations. [221] demonstrated that glucose levels in the
arm were approximately 5% lower than those in the finger, with this difference peaking
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Figure 4.22: Multi-Radar Sensor Fusion System for Distributed Full-Body or Site-Specific
Sensing

about 1 hour after a glucose load.

Variations in skin properties, such as blood flow, thickness, and composition across
different regions influence radar signal reflections, further complicating measurement ac-
curacy. To address such variability, regulatory standards for glucose meters used by indi-
viduals with diabetes at home have been established. According to FDA guidance, 95%
of all measured values must fall within 15% of the true value as determined by laboratory
measurements, and 99% must be within 20% of the true value [222]. Accepting blood
glucose variability through invasive or non-invasive glucose meters reveals that even FDA-
approved commercial devices suffer from low accuracy due to the uneven distribution of
glucose in human skin. In addition to site-specific differences, physiological dynamics fur-
ther challenge the accuracy of non-invasive blood glucose meters. One key factor is the
physiological lag time of approximately 7-8 minutes, caused by the diffusion of glucose
from the intravascular compartment to the subcutaneous interstitial fluid. This delay, cou-
pled with the dynamic nature of glucose transport, can lead to variability even between
consecutive measurements on the same meter [223]. These challenges underscore the need
for continued advancements in non-invasive glucose monitoring technologies to enhance
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measurement consistency and accuracy across diverse conditions.

In the objective 1 [194], a 60 GHz radar module augmented with a near-field-focus
metasurface with matching at the skin-device interface is explored for glucose monitoring
applications. However, this design constrain the system’s ability to address the inherent
heterogeneity and variability of glucose distribution across different layers and regions of
the skin [2241]. As reported in [225], we propose a method at this section to improve the
accuracy of this system by utilizing a synchronized multi-radar fusion system. By taking
measurements from multiple distinct spots as shown in Fig. 4.22:

i) The system averages out localized differences, reducing the impact of site-specific vari-
ability and achieving more consistent and reliable glucose readings compared to relying on
a single measurement point. ii) External factors such as movement, ambient temperature,
and electromagnetic interference can affect radar signals. Utilizing multiple measurement
points increases the likelihood that at least one signal remains clear and unaffected by such
disturbances, ensuring continuous and accurate monitoring. iii) Measurements from differ-
ent spots enable cross-verification, allowing the detection and correction of discrepancies
caused by localized anomalies or sensor errors. iv) Differences in skin properties, such as
thickness and hydration levels, as well as environmental factors like humidity and altitude,
further contribute to measurement variability, highlighting the importance of multi-point
measurement systems in achieving robust and reliable glucose monitoring.

Experimental findings show that the proposed fusion-based system significantly sur-
passes conventional radar-only approaches, yielding up to a 2.4-fold enhancement in radar
signal-to-noise ratio (SNR) when accounting for blood glucose distribution variability
caused by a 20% concentration difference across various skin phantoms.

4.2.1 Synchronized Multi-Radar Signal Processing

The objectives of this multi-radar fusion system for non-invasive glucose monitoring are
to achieve synchronization of radar operations, ensuring concurrent performance without
delays to enhance measurement accuracy, and to enable real-time system visualization
for immediate monitoring and analysis. Fig. 4.23a shows the setup of three radars, each
enhanced with identical metasurfaces presented in Objective 1 [194], connected to the USB
ports of a laptop for real-time signal processing. This configuration enables simultaneous
data acquisition and processing to improve measurement accuracy and signal quality.

To facilitate the concurrent capture of multiple radars, a Python multiprocessing pro-
gram is developed to interface with BTG60TR13C radars, as detailed in Appendix A. The
program incorporates three operational flags, live capturing, data collection, and averaging,
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Figure 4.23: (a) Multi-radar system configuration consisting of three Infineon 60 GHz
BGT60TR13C radar modules enhanced with metasurfaces, applied to a human skin phan-

tom model with varying glucose concentration levels (GCL). (b) Real-time visualization of
the system’s data capture.

which can be combined to provide flexible functionality. Each radar is assigned a dedicated
child process, enabling parallel execution and efficient resource management. Depending

on the selected mode, each process executes specific tasks, ensuring seamless and scalable
multi-radar operation.

The live-capture mode enables the program to visualize data from each connected
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radar in a separate window. As illustrated in Fig. 4.23b, an example of two connected
radars showcases real-time received power amplitude and phase plots. In each window,
both amplitude (in dB) and phase (in radians) are plotted on the vertical axis, while
the horizontal axis represents time. Each plot is uniquely identified by a UUID, which is
automatically assigned by the operating system upon device connection to the computer.
The signal processing details of the synchronized multi-radar sensing system are provided
in Appendix A, Section A.2.

4.2.2 Experimental Results with the Multi-Radar Fusion System

To validate the effectiveness of the proposed glucose monitoring system and to compare
single-sensor and multi-sensor configurations, four real-world non-invasive glucose moni-
toring challenges are evaluated:

1) A multi-concentration testing approach is implemented to evaluate the system’s
performance. Glucose phantoms with adjusted concentrations of 10 mg/dL, 25 mg/dL, 50
mg/dL, 100 mg/dL, and 200 mg/dL are prepared, with additional solutions incorporating
a 20% (£10%) concentration variation, as illustrated in Fig. 4.23a. The signal response
is analyzed by measuring the reflected power amplitude variation, initially using a single
sensor and then with a multi-sensor array to compare accuracy. The results presented in
Fig. 4.24 demonstrate that the multi-sensor configuration enhances detection sensitivity
by improving the radar signal-to-noise ratio (SNR) by 2.8 to 3.8 dB across the tested
concentration levels.

2) To further assess the system’s performance, real-time monitoring of glucose level
changes is conducted by gradually varying the glucose concentration over time while cap-
turing data in real time. This evaluation aims to determine the system’s capability to con-
tinuously track dynamic changes using both single-radar and multi-radar configurations.
Changing the glucose concentration level in a beaker, as shown in Fig. 4.23a, simulates
localized glucose level variations in a specific part of the human body while remaining con-
stant in other areas. In this scenario, adding a 10% glucose concentration to one beaker
while the others contain pure water results in a 0.8 dB reduction in the average received
power. Meanwhile, a single radar positioned at the constant pure water locations does not
register any significant change, as expected. This demonstrates that the multi-radar setup
provides more accurate tracking by utilizing synchronized sensing, which enhances spatial
coverage and reduces measurement uncertainties.

3) To assess the impact of environmental factors on glucose measurement accuracy,
tests are conducted under varying conditions, including different levels of humidity. In this
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Figure 4.24: Received power measurements representing radar SNR for phantoms with
varying glucose concentration levels.

scenario, a piece of humidity paper is placed between the metasurface layer and the beaker
containing phantom 1, and the results are compared. As expected, the radar associated
with phantom 1 experiences reduced sensing capability due to the barrier obstructing the
radiation path, preventing the detection of glucose concentrations. This outcome simulates
the limitations of a single-radar sensor when exposed to similar conditions. In contrast, the
multi-sensor setup demonstrates improved stability in glucose readings, as the remaining
two sensors continue to capture data, ensuring reliable measurements despite the localized
obstruction.

4) To investigate the impact of sensor displacement on glucose monitoring accuracy, a
scenario similar to the third evaluation is conducted. Sensor displacement can introduce
distortions in radar signals due to loss of contact with human skin, leading to impedance
mismatching [120]. In this experiment, phantom 1 is removed from the sensor, causing sin-
gle radar 1 to display a distorted signal. However, in the multi-radar setup, the remaining
two radars continue to capture accurate data, demonstrating the system’s resilience and
improved reliability in maintaining consistent glucose readings despite localized displace-
ment.

This study demonstrates that synchronized multi-radar fusion system provides robust
and reliable tracking under dynamic conditions. The multi-radar approach enhances spa-
tial coverage, reduces measurement uncertainties, and ensures consistent data acquisition,
making it well-suited for real-life applications requiring accuracy, stability, and resilience.

127



4.3 Objective 3: Radar Near-Field Sensing Using
Dual-Band, Dual-Focus Metasurface

Employing mm-wave radar in bio-sensing provide high sensitivity; however, this comes at
the expense of very low penetration depth, limiting its effectiveness for internal body health
monitoring as it struggles to transmit adequate power to tissues for precise data acquisition
[226]. To overcome the existing limitations of bio-electronic interfaces, metasurfaces can
be designed to manipulate electromagnetic fields surrounding the human body.

The development of this thesis follows a stepwise progression, building upon each design
iteration to enhance radar-based near-field sensing performance for biomedical applications.
The initial focus in Objective 1 [194] is the design and implementation of a low-profile pla-
nar near-field-focused metasurface for integration with radar transmitter (TX) and receiver
(RX) antennas, allowing it to directly contact the human skin for real-time, non-invasive
blood glucose monitoring. This integration increases the absorbed power density from the
radar antenna by over 11 dB at a single focal point within the skin medium, while also
enhancing the power reflected back from the skin to the radar. This design improvement
significantly boosts the sensor’s overall signal-to-noise ratio. Expanding on this foundation,
Objective 2 [225] introduced a multi-radar sensing architecture, where the same single-band
metasurface design from Objective 1 is integrated with three synchronized radar modules.
Each radar is positioned at a different location, enabling distributed sensing across multiple
areas of the body. This objective focuses on spatial diversity using a consistent frequency
band, providing improved accuracy by mitigating spatial variability through multi-location
data fusion.

While single focal point bio-sensing radar system can be effective to some extent, it
faces significant limitations due to its narrow data capture area and restricted depth of
information. The innovative use of near-field multi-focusing in radar bio-sensor enables
data collection from multiple focal points at varying depths, enhancing the detection of
dielectric changes in biological tissues and improving the signal-to-noise ratio by reducing
noise and inconsistencies. This approach marks a transformative step in diagnostic relia-
bility, as it also accounts for physiological variations, such as skin thickness and hydration
levels, which would otherwise impact signal quality.

In this Objective, the research advances toward multi-depth sensing by introducing a
dual-band, dual-focus metasurface. This single metasurface is capable of producing two
distinct focal points at two different frequencies, allowing simultaneous sensing at differ-
ent tissue depths and locations. This dual-band functionality provides richer physiolog-
ical information and marks an important transition from purely spatial distribution to

128



frequency-selective depth control.

In conventional radar and antenna applications, multi-focusing refers to the radar’s ca-
pability to accurately control the directionality of antenna beams, enabling the detection
of multiple targets through beamforming techniques [227]. In [228], a multi-beam and
multi-range FMCW radar utilizing a digital beamforming algorithm is presented, designed
to cover both long and short detection ranges at 24 GHz. Additionally, [229] introduces a
dual circularly-polarized multi-beam antenna aimed at future vehicular radar applications
within the 23.5-24.5 GHz frequency band. For off-the-shelf radar modules, integrating a
lens or metasurface is an effective and practical solution to achieve multi-focusing capabili-
ties without complex radar hardware modifications. Several multi-beam metasurfaces have
been introduced in the literature [230] for integration with a source antenna. Conventional
multi-beam metasurfaces, however, typically rely on multiple feeds to generate distinct
beams, making them unsuitable for integration with radar modules that incorporate a
transmitter antenna. Single-fed multi-beam metasurfaces, on the other hand, divides the
available transmitted power across multiple beams, reducing aperture efficiency for each
individual beam. This power division results in inadequate energy at each focal point,
limiting the radar’s ability to effectively penetrate the skin and accurately monitor glucose
levels.

Furthermore, for bio-sensing applications where the radar must be in direct contact
with the human body, the antenna’s propagation area shifts from far-field to near-field,
necessitating a shift in design focus from multi-beam to multi NF focusing, as conventional
beamforming techniques are no longer suitable in this context. Thus, a gap remains in
the development of a multi-focusing metasurface that can seamlessly integrate with radar
modules without compromising efficiency, particularly in bio-sensing applications where
impedance matching with human skin is essential.

To achieve a multi-focus metasurface with high absorbed power at each specified focal
point, two approaches can be explored: generating focal points at different polarizations
or at distinct frequencies. [231] demonstrates the design of a reflecting array capable of
producing two adjacent beams per feed with orthogonal circular polarization within the
Ka band. However, differentiating focal points by polarization is unfeasible for near-field
sensing, where all polarizations coexist and cannot be effectively isolated, as in far-field
applications. This limitation makes a multi-band, multi-focus metasurface a more suitable
solution, enabling each focal point to operate at a distinct frequency. [232] presents a
high-gain, dual-band, dual-circularly polarized transmitting array with independent beam
control in the Ku-band, utilizing an element with independent phase control capabilities
at 12 and 15 GHz. Adopting this multi-band approach in multi-NF-focusing allows precise
energy focusing at multiple depths or regions within the skin, improving both penetration
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Human Skin Model
FP2

Figure 4.25: The mm-wave radar module integrated with a dual-band metasurface, gener-
ating dual near-field focus points within human skin, with the goal of incorporating this
functionality into wearable devices.

and measurement accuracy in bio-sensing applications.

This research introduces a dual-band, dual independently-tunable near-field focus meta-
surface designed to enhance the performance of mm-wave radar-based bio-sensor, 60 GHz
mm-wave Infineon radar module, optimized to match the specific characteristics of human
wrist skin. This metasurface enables dual focusing of absorbed power within human skin,
achieved through a phase-synthesized analysis of the metasurface array, where each focal
point is controlled by a distinct frequency band within the radar spectrum, as illustrated
in Fig. 4.25. The integration of the proposed metallic slot metasurface with commercially
available Infineon radar TX/RX antennas results in a 14.7 dB and 12.4 dB increase in
Poynting power density at two distinct points within a human skin phantom model, along
with an increase in radar-received power by 11 dB and 12.7 dB at 58.5 GHz and 61.7
GHz, respectively, significantly enhancing the radar’s bio-sensing capabilities. Expanding
upon the metasurface-enhanced radar system described in [194], this design improves near-
field sensing capabilities for bio-sensing applications, with a primary focus on non-invasive
glucose monitoring.
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4.3.1 Dual-Band, Dual Near-Field Focus Metasurface

This section presents an optimized metasurface design featuring a dual-band unitcell and
phase-synthesized array analysis to achieve near-field phase shift compensation. This de-
sign is intended for direct contact with human skin and is considered to operate within
the mm-wave range, specifically targeting two distinct frequency bands within the radar
spectrum from 58 to 63 GHz.

In [204], we introduced a design strategy for a dual-band transmissive array, employing
interleaved electric and magnetic dipole slots to minimize mutual coupling, which enables
two frequency bands with adjustable separation. The design uses metallic layers without
a substrate, enhancing efficiency and achieving a narrower bandwidth that allows closer
frequency band placement through precise filtering. This results in S-parameters with
a higher quality factor and minimal unwanted resonances within the targeted frequency
bands. Additionally, the fabrication cost is reduced by utilizing laser cutting techniques,
making this approach both efficient and low-cost.

Inspired by the approach presented in [204], in the present work, the design of a slot-
based, dual-band, dual-polarised transmitarray metasurface with low frequency separation
to be fit in the mm-wave radar frequency range is reported. This is made possible by using
interleaved electric and magnetic dipole slots that result in less mutual coupling leading
to two frequency bands with controllable separation that can be very close to or far from
each other. Furthermore, by using the layered scatterer approach, a better independence
between the two bands is provided. The proposed unitcell has three layers with air gaps in
between. Unlike the previous works stated in objective 1, no expensive and lossy dielectrics
are used. The elimination of dielectrics results in higher power transmission and lower
fabrication cost. Due to its symmetrical structure, the proposed structure can operate
either in dual-linear polarization mode with very low coupling in between or in circular
polarization mode at each frequency band.

4.3.2 Dual-Band Unitcell and Array Design

The optimized unitcell layout for mm-wave operation is illustrated in Fig. 4.26, forming
a dual-band metasurface unitcell with independently tunable frequency bands. As shown,
an electric crossed-dipole slot element loaded with stubs is employed to create a band-pass
filter at the operational frequency of 59 GHz. By tuning the length of the dipole slots,
Ly, and the stub length, Ly, as well as its positions, the center frequency of this band
can be controlled. To establish the upper frequency band while minimizing coupling with
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Figure 4.26: Configuration of the mm-wave Infineon radar module antennas alongside the
designed dual-band, dual-focus metasurface, incorporating crossed-dipole and square loop
slot elements within the unitcell design.

the lower band, a uniplanar compact photonic bandgap (UCPBG) element, acting as a
magnetic dipole slot, is employed. A square loop slot element serves as a band-pass filter,
precisely tuned to the operational frequency of 61 GHz. Adjusting the dimensions of the
etched branches within the loop slot, W, and Wy, enables control over the upper frequency
band. The design parameters are as follows: Ly = 2.16, S = 0.13, Ly, = 0.48, W, = 0.66,
Was = 0.39, and Wyy = 2.3 (all in mm). Fig. 4.27 presents the S-parameter (S11) analysis
of the slot elements at the designated frequency bands.

Dual-Band Unitcell Analysis

The unitcell dimensions of the metasurface are typically chosen to be approximately half-
effective wavelength of the medium to ensure an appropriate resonant response from the
array. In the current design, however, the unitcell is engineered to support dual resonance
frequencies simultaneously, corresponding to two distinct wavelengths when the unitcell
is in direct contact with human skin. To accommodate both resonance frequencies, the
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Figure 4.27: S-parameters analysis of the dual-band mm-wave unitcell featuring interleaved
slot elements.

unitcell dimensions are determined based on the larger of the two wavelengths, specifically,
a free-space wavelength of 5.08 mm and an in-slab wavelength of 2.4 mm at 59 GHz. This
ensures that the metasurface can effectively support both frequency bands. In defining
the unitcell size, the effective permittivity of the surrounding medium is also taken into
account, as it influences the in-slab wavelength. The final unitcell dimensions are chosen
to be slightly larger than the half-wavelength criterion. This not only ensures adequate
resonance but also allows sufficient spacing between interleaved elements, which helps min-
imize mutual coupling and facilitates the fabrication process by providing enough metallic
width between adjacent features.

The slot parameters for each metasurface are optimized to generate lower and upper-
frequency bands within the ranges of 58-59 GHz and 61-62 GHz, respectively, as illustrated
in Fig. 4.28. The resonance frequencies can be very close to or far from each other
depending on the variation of the slot lengths, L; and Ly for the lower band, and W, and
Wy, for the upper band. As shown in Fig. , by changing each slot length, the relevant
resonance frequency is altered independently, with very low effects on another band. Thus,
there is excellent independence between the two bands. The widths of the lines in each of
the proposed slots, S, is adjusted to determine the bandwidth of each frequency band.
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Figure 4.28: Simulated S11 parameter to investigate independence between two frequency
bands: (a) Through changing UC-PBG slot length, (b) Through changing crossed-dipole
slot length.

Dual-Focus Array Analysis

As shown in Fig. 4.26, a three-layer metallic unitcell featuring two interleaved elements,
a crossed-dipole and a square loop slot, in direct contact with a skin model slab is uti-
lized. The design employs substrate-free metallic layers to enhance efficiency and achieve
a narrower bandwidth, enabling precise filtering for closer frequency placement. The skin
medium is modeled as a dielectric slab with a ;=3 mm thickness and dielectric proper-
ties of €,=7.98 and 0=36.4 S/m [191], as shown in Fig. 4.26. For single-band metallic
structures, the air gap height is set to a quarter of the free space wavelength to obtain a
higher phase response. The present structure has two separate frequency bands, and the
air gap height has to satisfy the transmission phase response for both frequency bands. A
suitable air gap height between the layers is shown to be the average of the quarter free
space wavelengths of both frequency bands, and is set at t;=A/4=6 mm, where A is the
highest wavelength, resulting in a compact metasurface with a total thickness of 2.54 mm
for direct contact with human skin. Fig. 4.27 shows the S;; analysis of the 1-layer and
3-layer unitcell. Compared to the single-layer design, it demonstrates a wider bandwidth
and a slight shift in the center frequencies of both assigned bands, resulting from phase
error losses due to the averaged air gap distance between the metasurface’s metallic layers.

To construct the metasurface array using the designed dual-band unitcell, it is necessary
to achieve the desired phase shift across both frequency bands, with each unitcell tuned
to provide the appropriate phase compensation based on its position relative to the radar
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TX antenna. As investigated in objective 1, the near-field phase shift at each metasurface
element in a planar array, for a focal point located at a distance ry along the boresight
axis, is given by:

2
Ormn, = 777 (y/x?n +y2 +1r2 — 7"0> + ¢o (4.12)

where:

(Zm, yn) are the coordinates of the element in the array,

A is the wavelength,

ro is the focal distance from the center of the array,

¢p is an optional constant phase offset.

This equation computes the extra path length (converted to phase) between the center
element and each element, effectively normalizing the center element’s phase to ¢q. For the
near-field focusing, a more complex configuration where wave propagation occurs through
two different media and focuses at two distinct points, the total phase shift becomes:

¢mn = kl (Rl(xn"w yn) - Fl) + Re(k2) (R2(xm> yn) - FZ) + ¢O (413)
where:
2 2
o k= )\—W _ is the wavenumber in Medium 1 (free space),
1 C
2r f .o . . . .
o ky = —, /e, — j— is the complex wavenumber in Medium 2 (Human Skin),

c weo

Ri(Zpm, yn) = /22, + y2 + F} is the distance to the first focal point (Medium 1),

Ro(Tpm, yn) = /22, + y2 + F§ is the distance to the second focal point (Medium 2),

F, F, are the focal distances from the array center,

¢p is a constant phase reference (often zero).
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This equation models the total spherical wave phase propagation through two regions,
each with its own electrical properties, and normalizes to the center element. To achieve
dual independent focal points within medium 2, it is essential to tilt the focus positions
rather than align them along the same axis. By introducing angular displacement between
the focal points, the metasurface can spatially separate the energy concentration zones at
distinct lateral locations while maintaining individual frequency control. To scan the NF
focus in a specific direction (6, ¢), an additional steering phase can be applied:

oot = ¢, — Re(ky) (2, sin 6 cos ¢ + y,, sin fsin ¢) (4.14)
This term aligns the wavefront in the desired angular direction and is typically used in
far-field or hybrid near-field scenarios.

In this design, the metasurface utilizes Fabry-Perot resonance theory by positioning the
radar antenna and metasurface interface at a distance of half the free-space wavelength.
The required phase shift for a 7 x 7 array of square unitcells, each with dimensions of 2.3
mm?, at a feed focal point distance of 2.5 mm is illustrated in Fig. 4.29. To achieve the
dual-focusing capability, the phase of the array must be adjusted to direct power to distinct
focal points within the human skin model, each at a specific frequency. Fig. 4.29a and
Fig. 4.29b illustrate the required phase compensation for near-field focusing at boresight,
while Fig. 4.29c and Fig. 4.29d present the phase distributions necessary for beam tilting
at @ = 4+20° and § = —20° at the lower and upper frequency bands (59 GHz and 61 GHz),
respectively.

gRoquired Phase Shift at 59 GHz for 7x7 Array o Required Phase Shift at 61 GHz for 7x7 Array Required Phase Shift at 59 GHz for 7x7 Array g Required Phase Shift at 61 GHz for 7x7 Array

300 7
% 6
00 5
150 4
00 3
50 2
0 1
12 3 4 5 6 7 8

(a) (b) () (d)

7
6
5
150 4
3
2
1

Figure 4.29: Phase synthesis analysis of the metasurface array with 7 x 7 unitcells, showing
phase shift compensation required for (a) focusing at boresight at 59 GHz, and (b) focusing
at boresight at 61 GHz, (a) focusing at +20 degrees at 59 GHz, and (b) focusing at -20
degrees at 61 GHz.
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Figure 4.30: Simulated transmission phase shift of three-layer unitcell (a) For lower fre-
quency band, (b) For upper frequency band

As shown in Fig. 4.29, the dual-band unitcell depicted in Fig. 4.26 must provide phase
shift compensation of 330 degrees at 59 GHz and 350 degrees at 61 GHz to achieve the
required array phase synthesis. This is accomplished by fine-tuning the dimensions of the
dipole and loop slot elements. As reported in [207], in designing a transmissive array, a
transmission coefficient of 3 dB enables a maximum phase shift of up to 360 degrees for a
three-layer metasurface unitcell, irrespective of the structure’s shape.

Fig. 4.30 shows the transmission phase response for the triple layers of the proposed
unitcell at two frequency bands. As shown in the figure, for the 3-dB transmission band-
width, the three-layer structure provides a phase shift of up to 300°. Increasing the number
of layers provides higher phase shift. As shown in Fig. 4.30a and 4.30b, the phase shift
responses of the three considered frequencies in both bands are almost parallel, proving
the wide bandwidth shown in Fig. 4.27.

4.3.3 Radar Module Integrated with The Dual-Band Dual-Focus
Metasurface

As shown in Fig. 4.26, the Infineon BGT60TR13C radar, operating within a frequency
range of 58 to 63 GHz, includes four on-chip antennas, one functioning as the transmitter
and the others as receivers [221]. The radar antenna surface is placed at an average
distance of 2.5 mm, accounting for variations in phase center location across frequencies
[106]. Although the antenna phase center shifts with frequency, this dual-band design

137



-10

™) Lower Band Pass Upper Band Pass

S5 —

o o7 N Band R

& -20 ~ - -~

° < Stop == S

= S ’ s

= -25 \ Vs ~

Q Lee SN S

2 -30 S

(-9 %\

B35 \\

= So

S -a0 S

g = -Radar without metasurface S

o« 45 = <Radar with dual-band metasurface S
58 59 60 61 62 63

Frequecy (GHz)

Figure 4.31: S-parameters analysis of the radar received power from TX to RX2, with and
without the dual-band metasurface.

approximates the phase center at 60 GHz, introducing a minor phase error loss at both
targeted frequency bands.

Fig. 4.31 displays the received power at the radar antenna receiver, which captures
data from within the skin medium following excitation by the TX antenna, and compares
the S-parameters (551, TX to RX2) for the radar module with and without the integrated
dual-band metasurface. The results clearly demonstrate the dual-band metasurface’s effec-
tiveness in enabling two distinct frequency bands within the radar spectrum. Specifically,
the metasurface increases the received power level by 11 dB at 58.5 GHz and 12.7 dB
at 61.7 GHz, while significantly suppressing power at 60 GHz by 11.7 dB relative to the
highest peak.

After analyzing the dual-band capability of the designed metasurface, another objective
of this research is to control each frequency band to focus transmitted power and capture
data from distinct locations within the human skin. Fig. 4.32a to Fig. 4.32f present the
2D contour plots of the power density radiated by the TX radar antenna integrated with
the designed metasurface, positioned on a plane parallel to the array at a distance of 2
mm, at the frequency range of 58.5 GHz to 63 GHz. As shown in Fig. 4.32a and 4.32¢, the
focus points within the human skin are symmetrically distributed along x-axis as designed
for £20 degrees; however, focus tilting is also observed along the y-axis. This effect arises
because the radar TX antenna is not centrally positioned relative to the array, disrupting
the symmetry assumed in the phase synthesis analysis and leading to deviations in the
assigned near-field focal points. Compared to the near-field Poynting power generated
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Figure 4.32: 2D contour plots of near-field power density 2 mm inside the skin model for
the dual-band metasurface-enhanced radar system’s TX antenna at (a) 58.5 GHz, (b) 59
GHz, (¢) 60 GHz, (d) 61 GHz, (e) 62 GHz, and (f) 63 GHz
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by the radar TX antenna without the metasurface, which is measured at 20,065 W/m?
[194], the designed metasurface significantly enhances power absorption within the skin
medium, achieving 594,980 W/m? at 58.5 GHz, a 14.7 dB improvement (Fig. 4.32a), and
355,249 W/m? at 62 GHz, corresponding to a 12.4 dB near-field power enhancement (Fig.
4.32¢). By examining deeper penetration into human skin, it is observed that the power
enhancement level at 58.5 GHz reaches 12.2 dB at a depth of 2.1 mm, while maintaining
the same focal point location. Conversely, at 61.7-62 GHz, deeper penetration results in
lower power density and a more dispersed focus over the surface. This aligns with the
concept of greater penetration at lower frequencies. It is noteworthy that the proposed
analysis in this research study not only enhances the absorbed and received power at two
distinct frequencies but also provides two approximately symmetrical focal points within
human skin, as depicted in Fig. 4.32, to capture data from different locations.

4.3.4 Sensitivity Analysis in Dual-Band Metasurface

Given the metallic composition of the metasurface in this section, a thorough sensitivity
analysis with respect to various parameter changes is essential, as outlined in the following.

Impact of Frequency-Dependent Skin Properties on Dual-Band Response

It is well established that the electromagnetic properties of human skin vary with frequency,
with a relative permittivity of €, = 8.09 and conductivity o = 36.3 S/m at 59 GHz, and
e, = 7.86 and 0 = 36.5 S/m at 61 GHz [1941]. However, for the purpose of dual-band
operation, the unitcell design and optimization were conducted using the skin properties
corresponding to the midpoint frequency of 60 GHz, enabling simultaneous analysis across
both bands. The sensitivity analysis presented here evaluates the performance of the
designed unitcell when subject to the actual skin parameters at each operational frequency,
highlighting its robustness and adaptability across the dual-band range.

As shown in Fig. 4.33, variations in skin properties at 59 GHz and 61 GHz result in
a nearly equal frequency shift for both bands. This is expected, as the dual-band unitcell
was originally designed based on the dielectric properties of skin at 60 GHz. Since the fre-
quency bands shift together, either upward or downward, their relative separation remains
unchanged. Importantly, this simultaneous shift does not degrade system performance,
as both operating frequencies remain within the radar’s functional bandwidth, ensuring
continued dual-band operation without destructive interference.
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Figure 4.33: S-parameters analysis comparing the responses of the dual-band unitcell to
frequency-dependent variations in human skin properties, highlighting the impact of di-
electric changes at each operational band.

Metallic Layer Thickness

The fabrication process of this type of metasurface requires precisely cutting slot patterns
into metallic copper layers using laser cutting technology. Unlike simulations, where the
metal layers are often assumed to have zero thickness, this assumption becomes invalid
during physical fabrication due to the finite thickness of the copper sheets. At mm-wave
frequencies, where the operational wavelength is on the order of millimeters, even a small
metal thickness becomes comparable to the wavelength and can significantly affect the
metasurface performance. Therefore, selecting a copper layer with the smallest feasible
thickness is ideal to minimize undesired phase or transmission distortions.

However, this introduces a practical trade-off; while thinner copper sheets reduce un-
wanted effects, they are also more susceptible to bending or deformation, compromising
structural integrity. Our investigation revealed that commercially available copper sheets
typically start at a thickness of 1 mm. Nonetheless, with proper handling and fabrication
care, it is feasible to reduce the thickness to 0.3 mm, or even down to 0.1 mm, which pro-
vides a more optimal balance between performance and mechanical stability. In Fig. 4.34,
the S-parameter response of the metasurface unitcell is analyzed for various copper thick-
nesses and compared against the idealized case of zero thickness. The results demonstrate
that a copper thickness of 0.1 mm closely replicates the ideal behavior, making it a suitable
choice for practical fabrication. This thickness strikes a favorable balance by maintaining
accuracy in the response while remaining feasible with available manufacturing techniques.
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Figure 4.34: S-parameter analysis comparing the responses of the dual-band unitcell under
varying metallic layer thicknesses, highlighting deviations from the ideal (zero-thickness)
case.

Metallic Layers Surface Distortion

Another topic that holds particular importance in this thesis is the sensitivity of results to
surface irregularities. This is especially relevant because the transmitarray antenna under
study is entirely designed and fabricated on a thin metallic sheet, 0.1 mm of thickness. As
a result of not using a thicker or more rigid metal layer, the structure is more susceptible
to bending or warping, particularly under mechanical or thermal stress. Consequently,
non-uniformities such as surface undulations may appear across the antenna aperture, as
shown in Fig. 4.35.

One of the advantages of the transmitarray antenna is its reduced sensitivity to surface
deformations compared to reflective array antennas, which are more affected by physical
distortions due to the reliance on precise phase alignment of the reflected wavefront. This
distinction has been validated mathematically and confirms the transmit array’s suitability
for robust applications. The sensitivity of the reflectarray to surface warping is considerably
greater, since the signal path includes both the forward and reflected directions, amplifying
the impact of any deviation. In contrast, the transmitarray allows the signal to pass
through the aperture only once, significantly reducing the cumulative distortion caused by
surface imperfections.

Using the existing phase relations between radiated waves in space, we calculate the
distance that the waves travel from the feed antenna to the reference plane in both cases:
with distortion and without distortion.
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Figure 4.35: Illustration of wave interaction with the surface of a transmit array antenna:
(a) without distortion, (b) with distortion, and (c¢) Vector representation of phase error
caused by surface distortion.

According to Fig. 4.35a, the phase value ¢; of each element in the transmitting array
can be calculated to produce a planar wavefront with constant phase on the reference plane,
based on 4.15. In the presence of surface deformation, the amount of phase displacement
for each element of the array changes accordingly, and remains constant in the absence
of deformation. Based on Fig. 4.35a, the total phase path from the antenna feed to the
reference plane is calculated using:

Op = kod; + D; + kod, (4.15)
According to Fig. 4.35b, in the case where the surface of the transmitting array is

deformed, the total phase path from the antenna feed to the wavefront on the reference
plane, ¢/, is calculated as:

7 = kod; + @i + kod, (4.16)

The phase error between elements that have undergone surface deformation and a
structure without surface deformation can be expressed using,

Pprror = Pr — (I);% = ko(dz) - kOd; + kod, — kod; (417)
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PError = kO(dz) - kO(d; - d;/) (418)

According to the deformation vector of the surface in Fig. 4.35¢, the following relation
can be used:

d =d,—d (4.19)

d; can also be substituted based on Fig. 4.35c using,

2 2
0 = tan~! (—M> (4.20)

F+d

P +df
- cosd

d

(4.21)

Therefore, the phase error can be expressed using the physical parameters of the trans-
mitarray and by means of 4.22.

F+df
cos ¢’

Pprror = ko <di — + d;/) (4.22)

In this equation, F is the focal distance of the transmitting array in the case where no
surface deformation exists. Based on 4.22, for different values of surface deformation d/,
the phase error for the transmitting arrays is calculated for an array with an focal length of
2.5 mm and an aperture size of D = 3.2\. The results indicate that a surface deviation up
to 1 mm in the transmitting metasurface can introduce a phase error of up to 50 degrees
across the radiating array, degrading the system’s performance.

Distance Between Metallic Layers

In the context of metasurfaces, which are constructed from subwavelength metallic or
dielectric layers, the critical concern is not only surface curvature but also the uniformity
of the distance between adjacent layers. Any slight variation in interlayer spacing due to
fabrication tolerances, can adversely affect the resonant behavior and response of the unit
cells. This includes unintended shifts in frequency response, errors in phase compensation,
or degraded transmission and reflection efficiency. Therefore, even if a metasurface is
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relatively flat macroscopically, maintaining consistent layer spacing on the microscopic scale
is essential for ensuring reliable and high-performance operation, particularly in biomedical
sensing where precision is paramount.

The variation in the air gap between the metallic layers, from 0.5 mm to 1 mm, demon-
strates that both resonance frequencies remain within the radar’s operational band, indi-
cating robustness against small structural deviations. However, this variation influences
the quality factor (Q-factor) of each band. Specifically, increasing or decreasing the air gap
alters the electromagnetic coupling and energy confinement, leading to either broadening
or narrowing of the resonance bandwidths. These effects arise due to partial violation of
the half-wavelength resonance condition, which is critical in maintaining sharp and effi-
cient frequency responses. Thus, while the design tolerates minor shifts in spacing without
detuning the resonances, precise control over the air gap is necessary to preserve optimal
performance.

Although the variation of the air gap between the metallic layers from 0.5 mm to
1 mm does not result in noticeable differences in the unit cell’s reflection coefficient, it
significantly affects the performance of the overall metasurface array in terms of near-
field power focusing. This discrepancy arises because S11 alone does not fully capture
the behavior of the metasurface; while it indicates the return loss at the unitcell level, it
does not account for the phase response or the electromagnetic interactions among the
elements within the full array. Near-field focusing is highly sensitive to the phase profile
imposed across the aperture, and the air gap between layers directly influences the effective
electrical length and inter-layer coupling. Increasing the gap can reduce capacitive coupling
and may introduce leakage or diffraction effects, particularly in compact, high-frequency
designs. At 60 GHz, where the free-space wavelength is approximately 5 mm, even sub-
millimeter variations in structure can lead to significant phase distortions. These changes
affect the coherence of the transmitted field, thereby degrading the radiation and reducing
the focal intensity. The 0.5 mm gap, in this context, offers superior near-field performance
by preserving phase alignment and ensuring constructive interference at the desired focal
point.

Additionally, in this design, one of the three metasurface layers is in direct contact with
the skin, while the other two reside in air. This introduces a medium mismatch between
layers that complicates the behavior. Using identical structural layers across both skin-
contact and air regions without proper compensation exacerbates the difficulty in defining a
single optimal air gap distance. The electromagnetic properties differ significantly between
skin and air, meaning the phase delay, impedance, and effective refractive index experienced
by each layer are not uniform. This further underscores the importance of precise air gap
tuning, as even a well-designed metasurface can suffer from performance degradation if
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these inter-layer medium effects are not properly managed.

4.3.5 Fabrication Process and Measurement Results

The fabrication process of this type of metasurface requires precisely cutting slot patterns
into metallic copper layers using laser cutting technology, and making an airgap with the
assigned distance as optimized based on simulations. However, in simulations, where the
metal layers are often assumed to have zero thickness, this assumption becomes invalid
during physical fabrication due to the finite thickness of the copper sheets. At mm-wave
frequencies, where the operational wavelength is on the order of millimeters, even a small
metal thickness becomes comparable to the wavelength and can significantly affect the
metasurface performance. Therefore, selecting a copper layer with the smallest feasible
thickness is ideal to minimize undesired phase or transmission distortions.

However, this introduces a practical trade-off; while thinner copper sheets reduce un-
wanted effects, they are also more susceptible to bending or deformation, compromising
structural integrity. Our investigation revealed that commercially available copper sheets
typically start at a thickness of 1 mm. Nonetheless, with proper handling and fabrication
care, it is feasible to reduce the thickness to 0.3 mm, or even down to 0.1 mm, which
provides a more optimal balance between performance and mechanical stability.

As investigated in sensitivity analysis section, Fig. 4.34, the S-parameter response of
the metasurface unitcell for various copper thicknesses demonstrate that a copper thickness
of 0.1 mm closely replicates the ideal behavior, making it a suitable choice for practical
fabrication, while maintaining the robustness of the structure. This thickness strikes a
favorable balance by maintaining accuracy in the response while remaining feasible with
available manufacturing techniques.

The prototype of the transmissive metasurface was fabricated to validate the simulation
results and demonstrate practical feasibility. It features a 7x7 array of the proposed dual-
band unit cells, forming an overall aperture size of 3.22Ax 3.22\ at 60 GHz. Each unitcell
was designed through a phase-synthesis process to deliver the phase shifts required to
compensate for spatial delays between the radar TX antenna and the metasurface surface.
This phase compensation ensures optimal constructive interference at the desired near-
field focal points, thereby enhancing the electromagnetic power delivery into the targeted
biological tissue. The array was assembled with high alignment accuracy to preserve the
designed phase profile, making it suitable for experimental verification in biomedical near-
field sensing applications.
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Figure 4.36: Prototype fabrication process of the triple-layer dual-band metasurface, con-
sisting of 0.1 mm thick metallic sheets, assembled using a 3D-printed square frame with a
0.5 mm interlayer spacing. The final assembled structure is shown applied to a human hand
for scale comparison, illustrating the compact form factor suitable for wearable biomedical
applications.

Fig. 4.36 illustrates the step-by-step fabrication and assembly process of the pro-
posed triple-layer dual-band metasurface designed for near-field biomedical sensing. The
structure is composed of three patterned metallic layers, each fabricated from commer-
cially available 0.1 mm thick copper sheets using precision laser cutting technology. These
metallic layers are separated and supported by a 3D-printed square frame, engineered with
a uniform interlayer spacing of 0.5 mm to maintain consistent air gaps, which are criti-
cal to the metasurface’s electromagnetic response. The placement of such spacers in the
structure does not have significant effects on the simulation results. The choice of mate-
rials and thickness balances electrical performance with mechanical stability, preventing
deformation during handling and operation. The final assembled metasurface is compact
and lightweight, making it well-suited for wearable or on-skin applications. As shown in
the final panel, the metasurface is placed on a human hand, providing a clear visualization

147



of its physical dimensions and confirming its potential for integration in practical, non-
invasive medical sensing scenarios. In comparison to PCB fabrication, this method sup-
ports low-cost prototyping and customization for future optimization or multi-frequency
design iterations.

After completing the fabrication of the prototype metasurface, the structure was sub-
jected to experimental validation using a near-field power measurement setup similar to
the one described in Objective 1. A specialized millimeter-wave probe was employed to
measure the transmitted power inside a skin-mimicking phantom contained in a Pyrex
beaker. The goal of this experiment was to demonstrate the metasurface’s ability to en-
hance power delivery within the phantom at two distinct focal points corresponding to the
dual operational frequencies of 59 GHz and 62 GHz.

Two primary challenges were encountered during the measurement process. First, each
frequency band requires a different set of dielectric properties, namely permittivity and
conductivity, in the phantom to emulate realistic skin responses. This issue was managed by
adjusting the water level inside the beaker, thereby tuning the effective dielectric properties
of the liquid to suit each frequency. Second, the metasurface was designed to concentrate
power into very small, tightly focused spots at different depths. Locating these exact spots
manually within the phantom was extremely difficult, limiting the repeatability and spatial
resolution of the current measurement approach. To address this challenge, future efforts
may involve developing a 3D scanning system using a high-precision stepper motor to
automate the scanning of the phantom volume and accurately map the focal points across
a defined measurement grid. In the current study, a custom measurement fixture fabricated
from low-cost 3D-printed materials was used to support the probe and guide measurements
at different grid positions within the phantom. This setup enabled the spatial mapping
of power levels to qualitatively validate the dual-focus capability of the metasurface, as
shown in Fig. 4.37.

The screenshots from the Spectrum Analyzer provide a clear and detailed validation
of the dual-band functionality of the metasurface-integrated radar system. In Fig. 4.38a,
the left image displays a prominent transmission peak at 59 GHz with a measured power
level of -43.94 dBm, while the right image shows a distinct peak at 62 GHz with a power
level of -46.25 dBm. These two peaks clearly demonstrate the dual-band functionality
of the metasurface, affirming that it supports independent and simultaneous operation at
both frequency bands without mutual interference. The approximately 3 GHz frequency
spacing between the bands illustrates strong spectral isolation, which minimizes cross-talk
and interference. This behavior aligns well with the simulation results, reinforcing the
validity of the design.
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Figure 4.37: Measurement setup for validating transmitted power enhancement at dual
frequencies and dual focal depths within the phantom using a dual-band metasurface-
enhanced radar system.

In Fig.4.38b, the left image shows a delta marker measurement between two signal
peaks, highlighting a frequency span of 2.67 GHz with a power difference of approximately
-14.27 dB, while the right image confirms a 3 GHz separation between the bands and a
power difference of -14.63 dB. These measurements demonstrate not only the existence of
two distinct operating bands but also their relatively strong isolation, which is crucial for
avoiding signal distortion and ensuring independent focusing performance for multi-depth
sensing.

Together, the presented measurement results are compiled in Fig. 4.39 to provide
a clearer visualization and direct comparison with the radar-only baseline measurement
within the phantom. This figure not only highlights the successful realization of the dual-
band functionality of the metasurface but also illustrates the substantial enhancement in
power focusing achieved at both operational frequencies. Compared to the radar-only
configuration, the metasurface-integrated system shows a marked increase in transmitted
power density at the target locations, validating the effectiveness of the dual-focus design
for enhancing signal delivery into the phantom. These results confirm that the fabricated
metasurface is capable of dual-frequency operation, with clean spectral separation. This
ensures that each band can independently focus electromagnetic power at different tis-
sue depths, enabling simultaneous monitoring of multi-layer physiological data, a critical
feature for improving the accuracy and reliability of non-invasive biomedical sensing tech-
nologies such as glucose monitoring.

In conclusion, the developed metallic metasurface, featuring dual-band and indepen-
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Figure 4.38: Screenshots of the spectrum analyzer display showing the dual-band response
of transmitted power at two symmetrical off-axis locations within the phantom; (a) Shows
distinct frequency peaks and corresponding power levels at 59 GHz and 62 GHz. (b)
[Mlustrates the spectral isolation and independence between the two bands, confirming
effective dual-band, dual-focus performance with minimal cross-band interference.
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Figure 4.39: Measurement results of the transmitted power density within the phantom
for the radar system integrated with and without the dual-band metasurface, demonstrat-
ing both dual-band operation and the enhancement in focused power delivery at target
locations.

dently tunable dual-focusing capabilities, significantly enhances near-field sensing perfor-
mance, an essential requirement for accurate biomedical applications. By enabling precise
electromagnetic field localization at distinct depths and frequencies, this method addresses
the limitations of single-band or single-focus systems. At the end of this section, a detailed
comparison and informative analysis are presented to thoroughly emphasize the novelty
and advantages of the proposed dual-band approach:

e Near-Field Theory in Dual-Band Systems: The dual-band metasurface pre-
sented in this work is developed using a design methodology specifically adapted
to near-field electromagnetic theory, which is crucial for biomedical sensing appli-
cations. Unlike traditional approaches such as dual-beam antennas that primarily
target far-field antenna performance, often irrelevant for body-proximate systems,
this design accounts for complex near-field interactions. The novelty lies in simul-
taneously achieving precise phase synthesis and power focusing at two distinct fre-
quencies, enabling the metasurface to interrogate different tissue depths within the
human body.

e Compactness: This study introduces a planar, low-profile metasurface optimized
for seamless integration with mm-wave radar modules. The key innovation lies in
achieving dual-band operation within a significantly constrained form factor. While
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dual-band metasurfaces typically require spatial separation between resonant ele-
ments to minimize mutual coupling, this design overcomes that limitation by em-
ploying interleaved metallic slot elements. These elements are designed to support
both electric and magnetic dipole responses with minimal interaction, enabling dual-
band functionality within a unitcell structure that remains below half the free-space
wavelength in dimension.

Millimeter-Wave Operation: The mm-wave frequency band is strategically se-
lected in this study due to its inherent advantages for biomedical sensing, offering high
spatial resolution, minimal ambient interference, and improved bio-compatibility.
This study presents, for the first time, a dual-band metasurface explicitly designed
for mm-wave operation in biomedical contexts. The metasurface is optimized to func-
tion within the 58-63 GHz range, enabling multi-depth focusing and signal enhance-
ment for physiological monitoring. This dual-band capability at mm-wave frequencies
marks a novel contribution, setting a foundation for next-generation non-invasive di-
agnostic tools.

Direct Human Skin Contact: Direct contact with biological tissue introduces
challenges such as impedance mismatch and frequency detuning, which significantly
degrade sensing accuracy. Existing approaches often fail to accommodate these ef-
fects, rendering them unsuitable for real-world biomedical applications. In contrast,
the dual-band metasurface proposed in this study is specifically engineered for direct
skin contact.

Impedance Matching Layer: Building upon the impedance-matching strategy
established in Objective 1, the metasurface maintains stable performance in proxim-
ity to or in contact with human tissue. As illustrated in Fig. 4.10, the impedance
matching graph of the metasurface shows a close alignment between the imaginary
part of the surface impedance and that of the human skin at both 59 GHz and 62
GHz, the designated dual-band frequencies for this design. This close impedance cor-
respondence confirms minimal reflection and efficient power transfer into the tissue,
which is critical for accurate near-field sensing.

Intensify Near-field Transmitted Power: The proposed dual-band metasurface
significantly enhances the absorbed power density at two distinct focal depths within
the human skin, enabling improved bio-sensing performance. When integrated with
commercially available Infineon radar TX /RX antennas, the metallic slot metasurface
achieves an increase in near-field Poynting power density of 14.7 dB at 59 GHz and
12.4 dB at 62 GHz. These results demonstrate the metasurface’s effectiveness in
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concentrating near-field energy at targeted tissue depths, thereby advancing the radar
sensing.

Intensify Near-field Reflected Power: Analysis of the radar’s reflected signal
reveals that the integration of the dual-band metasurface significantly enhances the
received power, improving it by 11 dB at 59 GHz and 12.7 dB at 62 GHz. These
enhancements directly translate into substantial improvements in the radar’s SNR,
achieving more than 12-fold and 18-fold increases at the respective frequencies. This
amplified SNR enables more accurate and deeper bio-sensing capabilities.

Glucose Sensing Enhancement: In glucose monitoring, metasurface-enhanced
power measurements show a resolution of around 1.5 dB per 15 mg/ml sugar concen-
tration, maintaining a high SNR and confirming enhanced functionality in glucose
sensing.
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4.4 Objective 4: Frequency-Scanning Multi-Focus
Radar Sensing Using Multi-Band Metasurface

Biomedical radar, an emerging technology at the intersection of radar engineering and
medical science, has become a pivotal tool with a wide range of clinical applications.
Although still in the research and development phase, radar-based methods hold potential
as non-invasive tools that could enhance current diagnostic techniques.

In Objective 3, the research advances toward multi-depth sensing by introducing a
dual-band, dual-focus metasurface. This single metasurface is capable of producing two
distinct focal points at two different frequencies, allowing simultaneous sensing at differ-
ent tissue depths and locations. This dual-band functionality provides richer physiolog-
ical information and marks an important transition from purely spatial distribution to
frequency-selective depth control.

However, scaling this concept to more than two bands introduces significant design
complexity and practical limitations in metasurface synthesis. In that case, multiple radar
systems (MRS), as initially presented in objective 2, are recognized as an effective strategy,
whereby the fusion and joint processing of measurements provide numerous benefits over
a single radar system. As depicted in Fig. 4.40 and discussions in objective 2, biomedical
multi-radar systems (BMRS) employ multiple radar units to gather data from different
angles and positions, increasing the robustness and accuracy of the detected signals, as
averaging measurements from various locations helps mitigate the impact of local physi-
ological variations, including differences in skin thickness, tissue composition, and blood
flow. Furthermore, by leveraging spatial diversity and the enhanced resolution that comes
from processing multiple simultaneous data streams, BMRS can more effectively isolate
the specific signatures that indicate changes in blood properties such as glucose levels,
potentially revealing effects of diet, exercise, or medication that might not be evident from
a single measurement location.

According to the literature, few efforts have been undertaken to monitor health condi-
tions using biomedical multi-radar systems. In [233], a multi-radar system employing two
2.4 GHz DC coupled radar sensors for non-contact assessment of respiration patterns at
both the chest and abdomen. The dual FMCW radar system presented in [234] monitors
breathing patterns by detecting the displacements of both the chest and abdomen, which
enhances the accuracy of breathing rate (BR) estimation and the detection of breath-hold
periods. Furthermore, in [13], a chest-wearable 60 GHz radar system is presented for accu-
rate, continuous monitoring of cardiorespiratory displacement waveforms, respiratory rate,
heart rate, and HR variability. The system’s multi-radar configuration enhances spatial
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Figure 4.40: Metasurface-enhanced multi-radar near-field system.

resolution, enabling precise detection of subtle chest movements related to cardiac and
respiratory functions. The multi-radar systems represent an emerging approach aimed
at overcoming the limitations of conventional non-invasive methods, which frequently fall
short in accurately capturing the dynamic signal patterns associated with changes in hu-
man blood properties [194].

The selection of an optimal microwave frequency range for radar-based bio-sensing ap-
plications is governed by several crucial factors, including the required tissue penetration
depth and the specific resolution needs of the diagnostic application [226]. Employing a
spectrum of frequencies in bio-sensing not only exploits their diverse penetration depths
and resolution capabilities but also leverages the distinct ways each frequency interacts
with different tissue components. As a result, unlike Objective 2, where identical meta-
surfaces are used across all radars, the new strategy should leverage frequency diversity
by tailoring the metasurface response for each radar’s specific operating band. This en-
ables simultaneous multi-location and multi-depth sensing, offering an advanced solution
for capturing layered physiological data from different regions of the body.

As we presented in [235], Objective 4 proposes an alternative methodology for enhanc-
ing mm-wave radar near-field sensing by introducing a multi-radar near-field frequency-
scanning system that utilizes a multi-band non-interleaved metasurface for improved bio-
sensing capabilities. Specifically, each radar within the system is integrated with a planar
transmissive metasurface, which is uniquely designed for distinct frequencies within the
operational frequency range of 58 to 63 GHz. These metasurfaces are integrated with
on-chip antennas and are in direct contact with a human skin model. This approach is
particularly adept at detecting changes in glucose levels through the extensive surface of
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the skin. By capitalizing these targeted frequencies, the system can better penetrate and
interact with skin tissues, providing more reliable and precise glucose monitoring, which is
crucial for managing conditions such as diabetes.

Multi-radar sensing significantly enhances accuracy and sensitivity in non-invasive, real-
time wearable health monitoring. This system gathering data from multiple points to
enhance detection capabilities. The methodology utilizes discrete zones of a transmissive
metasurface, each composed of phase-synthesized arrays. These zones serve as low-profile
impedance matching networks, optimized for specific frequencies within the millimeter-
wave radar range, thereby increasing efficiency through higher absorbed power density at
different frequencies, which also enables varied penetration depths into human skin. Anal-
ysis using a customized phantom, closely resembling human skin, demonstrates significant
increases in near-field absorbed power density.

This progression from a single-band, single-location system to a fully distributed,
multi-frequency platform highlights the thesis’s core contribution: developing flexible,
metasurface-enhanced radar sensing strategies that address the spatial and depth-related
challenges of biomedical monitoring.

4.4.1 Multi-Radar System for Distributed Human Skin Scanning

The preliminary method presented, which utilizes metasurface-enhanced radar for near-
field sensing as reported in [120, , ], is notable for its potential in real-time, non-
invasive glucose monitoring. It is crucial to acknowledge that this technique achieves a
stable focus within the human body’s skin layers. For effective detection and to enhance
diagnostic accuracy, it is imperative to perform scans across specific regions of the human
skin. This research demonstrates the effectiveness of the mechanical scanning approach for
near-field sensing. To advance the feasibility of this work and facilitate real-life implemen-
tation, the presented scanning approach could be executed using multiple radar systems on
the human body skin, with both the transmitter and receiver antennas positioned closely
on the same surface without necessitating movement. This method is akin to the principle
employed by Inverse Synthetic Aperture Radars (ISAR), where the object itself is moved
during the scanning process [230].

This study, employing transmitarray theory [100], utilizes the commercially available
Infineon BGT60TR13C radar chipset, which serves as the feed for the transmitarray, oper-
ating within a frequency range of 58 to 63 GHz. To achieve higher accuracy, an efficiently
designed near-field-focused metasurface, regarded as a transmissive phase-synthesized ar-
ray and detailed in objective 1 [191], can be implemented at various operational frequencies
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and integrated with each radar module, as demonstrated in Fig. 4.40. This integration
leads to the creation of a biomedical multi-radar system, which is capable of significantly
increasing the near-field power density into the body, that is achieved without disturbing
the antenna impedance matching, while simultaneously improving radar sensing capabili-
ties by enhancing the amount of power reflected from the body back into the RX antenna.
As a result, each radar system experiences a boost in the signal-to-noise ratio, significantly
improving the performance of the overall system.

Fig. 4.40 shows that each radar module in the metasurface-enhanced multi-radar sys-
tem is fully synchronized by connecting to a distinct USB COM port on a laptop, enabling
simultaneous data capture from different locations within the radar’s operational frequency
range. The metasurface functions as a frequency selective surface, controlling the specific
frequency range for each radar module. This setup is crucial because restricting the radar’s
frequency range to a single frequency during signal processing would necessitate a signif-
icant reduction in bandwidth, potentially degrading radar range resolution and affecting
the accuracy of the Doppler frequency shift measurements. This arrangement allows for
the collection of health data at various penetration depths, thanks to the involvement of
diverse frequencies.

When discussing whether each radar system should utilize multi-band metasurfaces or
allocate specific frequency bands to individual radars using non-interleaved metasurfaces,
it is crucial to consider the benefits of adhering to FCC-regulated, designated 500 MHz
bands within the 60 GHz range for mm-wave FMCW radars [237]. Operating within
these specified segments, rather than across the entire 5 GHz bandwidth, greatly enhances
spectrum efficiency and reduces interference in this densely populated band. This focused
approach not only boosts radar performance through tailored optimization for specific
frequencies but also simplifies regulatory compliance and device design.

Fig. 4.41 illustrates the arrangement of the presented biomedical multi-radar sensing
system around the human wrist, designed to enhance the accuracy of non-invasive glucose
monitoring compared to systems using a single radar enhanced by a near-field metasurface
[194]. This configuration allows for space scanning without the need to physically move
the entire system. The design strategy involves using as many chipsets as necessary to
perform comprehensive sensing tasks. With this system, users no longer need to concern
themselves with the limitations of a single radar or a fixed placement for regular glucose
monitoring, as the BMRS addresses these challenges by enabling more flexible and reliable
measurements.
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Figure 4.41: Configuration of the metasurface-enhanced multi-radar near-field scanning
system, designed as a wearable wristband for easy and continuous real-time glucose moni-
toring on the human body.

4.4.2 Multi-Band Non-Interleaved Metasurface Design for Multi-
Focus Bio-Sensing

In non-invasive glucose monitoring using radar technology, the variation in human body
shapes and compositions necessitates the use of radars covering different frequency bands.
This approach allows for tailored interactions with diverse tissue types and depths, en-
hancing the accuracy and effectiveness of monitoring. Different frequencies provide vary-
ing penetration depths and resolutions, critical for adapting to individual physiological
differences such as varying levels of body fat or muscle.

The optimization process in this study aims to enhance efficiency across the entire
frequency range by incorporating the specific dielectric properties of human skin, which
vary in response to different frequencies, and conducting a targeted phase-synthesis array
analysis for each frequency to reduce phase error losses. As a result, the multi-band
non-interleaved metasurface effectively increases the impedance matching between air and
human skin at each frequency within the radar range, thereby improving power absorption
levels within the skin at each specific frequency.

To advance the functionality of multi-band metasurface-enhanced radar systems for
biomedical applications, this section presents two successive design strategies that build
upon the foundational work established in Objectives 1 and 2. The first focuses on ex-
tending the baseline metasurface unitcell design by adapting its frequency characteristics
and scaling the array for enhanced near-field focusing. This provides a practical path-
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way for reconfiguring the original design for new operational requirements while preserving
its low-profile, skin-matched characteristics. The second section introduces structural en-
hancements to the unitcell, enabling more advanced functionalities such as improved phase
compensation, deeper power focusing, and better control over multi-depth bio-sensing.
Together, these designs mark a critical step toward developing flexible and scalable meta-
surface arrays tailored to the diverse physiological and electromagnetic requirements of
real-world biomedical sensing.

Metasurface Unitcell and Array Design: Baseline Structure

In this section, a straightforward initial approach would be to reuse the metasurface design
presented in Objective 1, featuring a 7x7 array of elements centered at 60 GHz, and
simply modify the center frequency by adjusting the dimensions of the printed crossed-
dipole structure. While this method offers certain advantages as a preliminary step, it has
inherent limitations. To significantly enhance the sensing performance, the design can be
further optimized to improve its phase compensation capability, specifically, by extending
the achievable phase range to cover more than 300 degrees. This enhancement would allow
for a higher number of array elements, which in turn results in more concentrated focusing
and increased reflected power. Consequently, this approach enables improved SNR and
higher sensing accuracy, particularly in demanding biomedical applications.

A partial section of the metasurface array, including its square unitcell referenced in
[194], is designed to operate at specific frequencies in the radar range from 58 to 63 GHz
with 1 GHz increments and is integrated with Infineon BGT60TR13C radar antennas, as
depicted in Fig. 4.42. A full-wave simulator is used to evaluate the impedance matching of
the unitcell at the proposed frequencies, utilizing Floquet port analysis for the infinite array
design. For biomedical applications, the human body skin is modeled as a dielectric slab
that contacts the metasurface unitcell directly, without any air gaps. The simulation takes
into account the actual characteristics of human body skin, permittivity and conductivity,
at their respective frequencies, as detailed in Table 4.1 [201]. The dimensions of the
designated unitcell on a substrate with €,=2.7 and thickness of 1.25 mm, for operating
at each frequency band in direct contact with a human skin model are specified as follows:
at b8 GHz, W, = 1.5, L, = 0.8, Sy = 0.2 mm, at 59 GHz, W, = 1.2, L, = 0.8, S, = 0.2
mm, at 60 GHz, W, = 1.1, L, = 0.65, S; = 0.2 mm, at 61 GHz, W, = 0.97, L, = 0.65,
Ss = 0.2 mm, at 62 GHz, W, = 0.75, L, = 0, S¢ = 0.1 mm, at 63 GHz, W, = 0.715,
L,=0,5,=0.1 mm.

Fig. 4.43 illustrates the reflection coefficient analysis of the designed unitcells at distinct
frequencies ranging from 58 to 63 GHz, when in direct contact with the human body
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Figure 4.42: General configuration of the mm-wave Infineon radar system with one trans-
mitter and three receiver antennas, incorporating a metasurface in direct contact with a

skin model and optimized for specific frequencies within the radar’s frequency range from
58 to 63 GHz.

Table 4.1: Variations in the dielectric properties of the human body’s skin model in response
to different frequencies within the radar range of 58 to 63 GHz.

Frequency (GHz) | Permittivity | Conductivity (S/m)
o8 8.21 36.1
29 8.09 36.3
60 7.98 36.4
61 7.86 36.5
62 7.76 36.7
63 7.65 36.8

skin medium, taking into account the characteristics listed in Table 4.1. As depicted
in Fig. 4.43, each unitcell achieves an appropriate reflection coefficient at the air-skin
interface, demonstrating effective impedance matching when operating in contact with the
skin medium, rather than in free space.

To produce the desired beam shape on the opposite side of the metasurface layer in a
specific near-field location, each unitcell is designed to introduce a specific phase shift to the
incident electric field, while maintaining the magnitude at a level close to the maximum.
The expanded phase shift for a multi-radar, multi-band system accounts for the unique
operational characteristics of each radar unit across various frequency bands,
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Figure 4.43: Investigation of the reflection coefficient (S11) for the proposed unitcells at
their respective frequencies.

%n = kij (\/ﬁm + Y + T%ij - 7"1ij) + Re(kéj) <\/953m + i T%ij - r2ij> + ¢oij  (4.23)

e x,,; and y,; denote the coordinates of the (m,n)-th element in the i-th radar’s array.
e 71, is the distance from the array center to the focal point in medium 1.

e 7y is the distance to a second focal point in medium 2, human skin model.

o kY = 2= = i i the wavenumber in medium 1.

A1ij
o kY = 2 Er2ii — 24 is the complex wavenumber in medium 2, where:
2 c J wi;€0 )

— €95 1s the relative permittivity of skin medium,
— 09;; is the electrical conductivity of skin medium,
— wj; = 2 f;; is the angular frequency,

— &g is the vacuum permittivity.

° Re(kgj ) extracts the phase propagation component, discarding attenuation.

®oi; 1s the initial phase value related to the central cell.
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where each radar ¢ and its corresponding frequency band j are considered independently.
For every element, the required electric field phase shift, ¢% . is determined to ensure
that all element contributions coherently align in phase at the near-field focal point F' =
(0,0,7;;), positioned along the normal to the array plane [194]. The variable \;; denotes
the wavelength associated with the j-th frequency band of the i-th radar, reflecting the
system’s ability to operate across multiple frequencies. The coordinates x,,; and y,,; define
the spatial location of the (m,n)-th element within the i-th radar’s array. Additionally,
®0ij, the initial phase for each radar-band pair, accounts for calibration offsets or inherent

system variations.

The dimensions of the array unitcells are determined by calculating the required phase
delay compensation for the electric field at the target frequency, using (4.23) at the planar
aperture at the metasurface’s location. This enables an equal-phase superposition of the
propagated fields at the focal point in the near-field region, allowing the system to operate
effectively across various locations and frequencies on skin. Using (4.23), the required E-
field phase compensation ranges at the aperture, assumed to be at the metasurface location
with (ro;; = 2.5mm), are determined. The phase shift necessary for each metasurface,
which utilizes a (7 x 7) array of unitcells, is considered for six distinct frequencies of 58,
59, 60, 61, 62, and 63 GHz.

Considering the other parameters in (4.23) fixed, the required phase shift varies directly
with frequency. When a wideband radar antenna is used, the phase difference between the
first and last frequency bands becomes significant, resulting in high phase error loss and
reducing the radar sensing efficiency at these frequencies. In the structure presented in
[194], the radar module antennas operate across a wide frequency range of 58 to 63 GHz;
however, the near-field-focused metasurface is optimized for operation at a single frequency.
After applying phase synthesis analysis on the metasurface array, the phase-shift difference
between the required values at 58 GHz and 63 GHz is approximately 17°, as shown in Fig.
4.44a. In addition, it should be noted that the analysis above assumes the feed location
is aligned with the center of the array. However, in most practical cases, such as with the
Infineon BGT60TR13C radar antennas, the TX antenna is positioned at the corner and
illuminates the metasurface at an offset angle, resulting in oblique incident waves. This
offset causes a significant increase in the phase difference. As shown in Fig. 4.44b, a 20
degrees offset results in a 57° phase difference. As shown in Fig. 4.44c, a 40 degrees offset
further increases the phase difference to approximately 165° between the required phase
shifts across the 58 to 63 GHz frequency range, when using a 7 x 7 array.

To reduce the phase error, this work introduces a triple bio-sensing radar system inte-
grated with a multi-band, non-interleaved metasurface, as illustrated in Fig. 4.45a. The
optional frequencies of 58, 60, and 61 GHz are chosen to assess the metasurface’s capability
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the designed metasurface between 58 and 63 GHz: (a) when the feed is aligned with the
center of the array, and (b) when the feed is located at a 20 degrees offset, (c) (b) when
the feed is located at a 40 degrees offset.

to enhance the power density level within human skin at different frequencies. As shown
in Fig. 4.45b, the 60 GHz metasurface can increase the power density at a 2 mm penetra-
tion depth by 11.5 dB, with performance decreasing at both lower and higher frequencies.
Decreasing the frequency to 58 GHz and using a metasurface specifically designed for this
frequency increases the penetration depth as expected. At the same measurement point as
the 60 GHz metasurface, the 58 GHz metasurface provides a maximum power enhancement
of 11.8 dB, at a penetration depth of 2.2 mm. This analysis shows that using the 58 GHz
metasurface not only increases the power density inside human skin but also increases the
penetration depth. Furthermore, utilizing the 61 GHz metasurface results in a maximum
power enhancement of 8.3 dB at a penetration depth of 2 mm. As expected, at 61 GHz,
the power density is higher at shallower depths, so at the same depth level as the 60 GHz
metasurface, it provides lower power enhancement. This analysis highlights the potential
of using variable frequencies to target multiple skin sites, significantly enhancing the de-
tection of blood glucose variations and the identification of physiological parameters by
providing more comprehensive data.

It is important to note that the metasurfaces operating at the three selected frequencies
do not have the same aperture size, which impacts the results. As the number of elements
increases, it is crucial to enhance the phase-shift capability of the metasurface unitcells,
ideally achieving a full 360° phase compensation. Failure to provide sufficient phase-shift
compensation leads to phase errors, which can diminish the power enhancement.

163



=Y
'y

o
T
|
|
I

Power Density Enhancement (dB)
» (2] (-]
NonNor ]
[ |
\
|

-
13
/
/
/

S = e = =

=60 GHz, 2 mm Penetration Depth
=61 GHz, 2 mm Penetration Depth

N

o

Radar1(58GHz) . , . — : “ 58 59 60 61 62 63
Radar 2 (60 GHz) Radar 3 (61 GHz) Frequency (GHZ)

(a) (b)

Figure 4.45: (a) The multi-bio-sensing radar system integrated with a multi-band non-
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To address traditional variabilities among humans and how they use wearables, this
research introduces a multi-radar near-field sensing system enhanced with a multi-band
non-interleaved metasurface, significantly improving non-invasive health monitoring. The
system utilizes commercial off-the-shelf radar units with on-chip antennas, with the meta-
surface being used to optimize power absorption and tissue penetration across different
frequencies, enabling low-cost and high-sensitivity detection of physiological parameters.
This approach lays the groundwork for future advancements in wearable healthcare devices
and continuous health monitoring, offering a scalable and adaptable solution for personal-
ized diagnostics.

Metasurface Unitcell and Array Design: Structural Enhancements

This section advances the baseline metasurface design introduced earlier by addressing key
limitations in phase compensation, focal depth control, and array scalability for enhanced
bio-sensing performance. While the previous section focuses on adapting the original 7x7
unitcell array for frequency-scanning application, this section introduces two significant
innovations that elevate the metasurface’s capabilities:

First, the array is expanded from a 7x7 to a 9x9 configuration, which increases the
aperture size and, consequently, improves spatial resolution and power focusing at greater
depths within biological tissue. However, this increase also introduces a critical design
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challenge, achieving broader phase compensation across a larger array. To address this,
the metasurface architecture is enhanced by increasing the number of stacked layers from
two to three, allowing a higher cumulative phase shift necessary to achieve a phase range
exceeding 300°, which is essential for precise near-field focusing in large-aperture arrays.

Second, rather than merely stacking identical layers to generate the required phase
gradient, this design incorporates a uniplanar compact photonic bandgap (UC-PBG) mi-
crostrip layer as the intermediate layer. The two metasurface designs may behave differ-
ently when integrated into a broader system, such as a radar, antenna array, or sensor.
The UC-PBG-enhanced design is likely to yield improved system performance due to re-
duced mutual coupling between layers, better isolation, and sharper filtering characteris-
tics. In [238], the UC-PBG structure is strategically positioned between two annular slot
resonators, serving both as a coupling interface and as an additional resonant element.
This configuration transforms the metasurface from a two-resonator system into a three-
resonator network (slot—-UC-PBG-slot), significantly broadening the phase tuning range.
As demonstrated through their equivalent circuit analysis, the UC-PBG layer introduces a
series-parallel resonance that enables full 360° phase compensation using only two dielec-
tric layers, thus avoiding the need for additional structural thickness. By introducing a
resonance in close proximity to that of the slot, the UC-PBG enables fine phase control,
achieving both a wide phase range and a relatively flat transmission response.

In addition, replacing the middle layer with a UC-PBG structure can also influence the
angular stability of the metasurface. This results in more consistent performance regardless
of the wave’s angle or polarization state. In addition, during phase synthesis analysis, each
element of the metasurface array must be designed to exhibit a distinct phase shift to form
the desired focusing pattern. Typically, this requires altering the physical dimensions, such
as the lengths of the printed dipoles, which unintentionally shifts the resonance frequency
and degrades performance at the target frequency. By introducing a UC-PBG layer, a
secondary resonance is created in close proximity to the primary resonance, effectively
stabilizing the frequency response even when the dipole dimensions are varied.

In metasurface design, utilizing a thinner substrate often results in higher near-field
focus power, and this improvement can be attributed to several interrelated factors. First,
thinner substrates help reduce dielectric losses. At high frequencies, such as those in the
millimeter-wave range, thicker dielectric materials tend to absorb more energy due to in-
creased interaction with the lossy medium. A thinner substrate, by contrast, minimizes
the volume of material that the electromagnetic wave passes through, thereby preserving
more of the transmitted energy and enhancing the intensity of the focused power within
the desired region. Second, a thinner substrate imposes less dielectric loading. Loading
in thicker substrates slows down the propagation of waves, resulting in increased scatter-
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Figure 4.46: New metasurface unitcell design composed of three layers: two crossed-dipole
microstrip structures on the top and bottom layers, with a UC-PBG layer integrated in
the middle to enhance phase compensation and resonance control.

ing and phase aberrations. However, at mm-wave frequencies, thinner metasurfaces can
struggle with efficient wave propagation, especially at lower frequency bands where the
wavelength is longer relative to the structure’s thickness. The presence of the UC-PBG
layer alleviates this limitation by providing high-Q S-parameter responses, particularly
within thin metasurface implementations, improving resonance control and energy trans-
mission through its engineered electromagnetic bandgap characteristics.

In this context, the newly proposed unitcell structure for the multi-band non-interleaved
metasurface is introduced and illustrated in Fig. 4.46. This enhanced configuration in-
tegrates two microstrip crossed-dipole layers with a UC-PBG structure in the middle,
enabling improved phase compensation, printed on two substrate Rogers Ro4003 with
0.6 mm thickness and unitcell dimensions of wy=1.5. The design parameters are se-
lected to support multi-frequency operation while maintaining compactness and efficient
transmission: L,=0.84, W,=1.37, S,=0.13, S;=0.065, L,=0.73, W,=0.27, S,=0.08 mm at
62 GHz, L,=0.89, W,=1.37, S,=0.13, S;=0.065, L,=0.79, W,=0.21, §,=0.08 mm at 61
GHz, L,=0.94, W,=1.32, 5,=0.18, 5;=0.09, L,=0.99, W,=0.41, S,=0.08 mm at 60 GHz,
L,=0.99, W,=1.32, S,=0.18, 5;=0.09, L,=1.09, W,=0.51, S,=0.08 mm at 59 GHz, and
L,=1.04, W,=1.32, S,=0.18, 5,=0.09, L,=1.15, W,=0.57, S,=0.08 mm at 58 GHz. These
parameters work collectively to define the resonance behavior at distinct frequency bands
within the 58-63 GHz range, enabling control of the phase profile necessary for multi-focus
near-field bio-sensing.

The results presented in Fig. 4.47 illustrate the reflection coefficient (S11) response of
the newly proposed metasurface unitcell composed of three layers. This design incorporates
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Figure 4.47: Reflection coefficient (S11) analysis of the newly designed metasurface unitcell
composed of three layers, demonstrating that the inclusion of the UC-PBG layer enhances
the quality factor and sharpens the resonance response.

a UC-PBG layer sandwiched between two crossed-dipole microstrip structures. As shown,
the inclusion of the UC-PBG layer significantly enhances the quality factor of the structure.
This leads to a sharper and more defined resonance, improving the phase selectivity and
tuning precision of the metasurface.

After designing the three-layer unitcell to operate across the desired frequency range,
the next step involves constructing the full metasurface array using phase-synthesis analy-
sis. Initially, it is essential to determine the phase compensation distribution required for
the 9 x 9 array elements to achieve the desired focusing behavior. Specifically, the design
aims to optimally receive the radar signal at a focal point located 2.5 mm away from the
metasurface (receiving side) and focus the transmitted energy at another near-field focal
point positioned 2 mm above the metasurface (transmitting side). Fig. 4.48 illustrates the
resulting phase distribution mapping, derived using the near-field phase synthesis equation
tailored for this configuration.

Fig. 4.49 presents the simulated transmission coefficient (S21) magnitude and phase
responses of the proposed three-layer unitcell, evaluated at the start and end frequencies,
58 GHz and 62 GHz, within the targeted operating bandwidth. The results demonstrate
that the structure maintains a high transmission magnitude with low insertion loss across
the required phase tuning range. Additionally, the phase response exhibits a smooth and
wide variation, achieving approximately 310 degrees at 58 GHz and 350 degrees at 62
GHz, which is critical for effective near-field phase compensation in the design of the

167



Normalized Phase Shift at 63 GHz

1 3339 28.0 .344 5 288.5 3445. 28.0 3339

2 28.0 39.1 #10:2.273.0

273.0 1102 39.1 28.0

Element Index (Y)
> o &

~

1 2 3 4 5 6 7 8 9
Element Index (X)

Normalized Phase Shift at 60 GHz

62.2 339.4 314.2

932 622 803

Element Index (Y)

932 622 803

62.2 339.4 3142

80.3 287.0

287.0 80.3 314.2 ‘241.1

1 2 3 4 5 6 7 8 9
Element Index (X)
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9 x 9 metasurface array. In Fig. 4.49, the D, is defined based on the design parameters
as Dy, = 2.66Ls + 2.66W, + 6.66L,, — 4.2133. The introduction of the UC-PBG layer
between the crossed-dipole structures enables broader and more controllable phase coverage
while maintaining efficient transmission performance, thereby ensuring enhanced focusing
capability and robustness for multi-frequency near-field bio-sensing applications.

Utilizing the phase synthesis approach and maintaining constant unitcell dimensions
across different frequencies, unlike the previous section, this design implements a 9 x 9
metasurface array over the desired frequency range while preserving a consistent overall
aperture size. This method ensures uniform spatial coverage and facilitates direct compari-
son of focusing performance across multiple frequencies. As a result, the 9 x 9 configuration
achieves improved near-field focusing and power enhancement for all selected frequencies,
offering a more robust and scalable solution for multi-frequency biomedical sensing appli-
cations.

Integrating the proposed metasurfaces with the mm-wave Infineon radar, and following
the same measurement process used to evaluate transmitted power density enhancement
and focusing within the phantom, as well as the power reflected and received by the radar
receiver antenna, the experimental results are presented. Four operating frequencies—58,
59, 61, and 62 GHz—are selected for evaluation, corresponding to the design frequencies of
the respective metasurfaces. The transmitted power focused inside the phantom for each
of these frequencies is depicted in Fig. 4.50 to Fig. 4.53, respectively. In each 2D contour
plot illustrating the power distribution above the metasurfaces, measurements at adjacent
frequencies are also included to confirm that the power focusing is most dominant at the
intended design frequency for each metasurface.

The structures of the three-layer metasurface arrays corresponding to each operational
frequency are also included in Fig. 4.50 to Fig. 4.53. The presented results demonstrate
that, at a plane positioned 2 mm above each designed metasurface, the transmitted power
density within the phantom is significantly enhanced. Specifically, the metasurfaces de-
signed for 58, 59, 61, and 62 GHz provide transmitted power enhancements of 16.5 dB, 16.1
dB, 14.5 dB, and 12.5 dB, respectively. These improvements lead to a strong power focus-
ing effect at a localized point inside the phantom, confirming the metasurfaces’ effectiveness
in near-field energy concentration across the targeted multi-band frequency range.

Fig. 4.54 presents the impedance matching analysis through the reflection coefficient
of the radar TX antenna, along with the enhancement of the reflected power at each
designed metasurface across the different operating frequencies. Specifically, Fig. 4.54a
to Fig. 4.54d demonstrate that the integration of each metasurface effectively tunes the
resonance frequency of the TX antenna to align with the corresponding designed frequency.
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Figure 4.50: Simulated 2D contour plots of the radar system TX antenna’s radiated near-
field power density within the phantom model, evaluated on a plane positioned 2 mm above

the multi-band non-interleaved metasurface, at 58 GHz
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Figure 4.51: Simulated 2D contour plots of the radar system TX antenna’s radiated near-
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Figure 4.52: Simulated 2D contour plots of the radar system TX antenna’s radiated near-
field power density within the phantom model, evaluated on a plane positioned 2 mm above
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Figure 4.53: Simulated 2D contour plots of the radar system TX antenna’s radiated near-
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the multi-band non-interleaved metasurface, at 62 GHz
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Figure 4.54: S-parameter analysis showing the simulated reflection and coupling magni-
tudes of the radar system transmitter (TX) and receiver (RX3) antennas, integrated with
and without the metasurface in the presence of the phantom model: (a) at 58 GHz, (b) at
59 GHz, (c) at 61 GHz, and (d) at 62 GHz.

Moreover, the received power captured by the RX3 antenna confirms that the metasurfaces
designed at 58, 59, 61, and 62 GHz achieve reflected power enhancements of 14.15 dB, 13.1
dB, 13.6 dB, and 12.55 dB, respectively. These results validate the metasurfaces’ ability
to significantly improve near-field reflection and sensing performance at their targeted
frequency bands.
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4.4.3 Fabrication Process and Measurement Results

Following the successful design and simulation, the fabrication process involved creating
four metasurfaces, each specifically designed to operate at the specified center frequencies
(58 GHz, 59 GHz, 61 GHz, and 62 GHz). As discussed in the previous section, each
metasurface consists of a 9 x 9 unitcell array, with each unitcell measuring 1.5 mm?,

resulting in a total array dimension of 13.5 mm x 13.5 mm.

Each metasurface was fabricated individually on a circular aperture with diameter of
20 mm to ensure compact integration with the mm-wave radar antenna system, as shown
in Fig 4.55. The fabrication was carried out on a Rogers RO4003 substrate with a total
thickness of 0.6 mm, incorporating three layers for each metasurface: the top and bottom
layers composed of crossed-dipole microstrip elements, and a UC-PBG structure placed in
the middle layer.

To lower fabrication costs, provide a more compact structure, and make the metasur-
faces suitable for multi-radar distributed sensing applications, all four circular-aperture
metasurfaces were fabricated together on a single shared panel, as illustrated in Fig 4.55.
The design of the panel allows each metasurface to be easily distinguished and separated
along pre-defined mechanical cuts without damaging the active metasurface regions. This
manufacturing approach offers both economic efficiency and practical flexibility for single
or multi-unit experimental setups.

After the fabrication process, the metasurfaces were prepared for measurement evalua-
tion, following the previously established method for assessing transmitted power enhance-
ment within the phantom as well as reflected power. To fully validate the performance
of all fabricated metasurfaces, the measurement process was repeated four times, once for
each designed frequency. Due to the modification in the aperture shape, a newly designed
3D-printed fixture was developed to securely hold the circular metasurfaces at a distance of
2.5 mm above the radar antenna surface, while the phantom model was placed directly on
top of the metasurface, as shown in Fig. 4.56. A specialized mm-wave probe was employed
to measure the transmitted power inside the phantom model, with the captured power
displayed on the Spectrum Analyzer. The measurement results corresponding to each of
the four metasurfaces are presented in Fig. 4.56.

Fig. 4.57 illustrates the measurement results of the transmitted power density en-
hancement using the fabricated multi-band non-interleaved metasurfaces, evaluated with
the radar system in the presence of the phantom model. The results are presented for
four different metasurfaces designed at distinct target frequencies of 58 GHz, 59 GHz, 61
GHz, and 62 GHz, shown in subfigures (a) to (d), respectively. In each plot, the green
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Multi-Band Non-Interleaved
Metasurface on a Panel Dispatched Single Element

59 GHz

Figure 4.55: Fabricated multi-band non-interleaved metasurface on a single panel, sepa-
rated circular metasurfaces after dispatching, and individual circular metasurface element
ready for integration.

Figure 4.56: Measurement setup for evaluating near-field transmitted power density in-
side the phantom at different frequencies, using the fabricated multi-band non-interleaved
metasurfaces integrated with the radar system.
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Figure 4.57: S-parameter analysis showing the simulated reflection and coupling magni-
tudes of the radar system transmitter (TX) and receiver (RX3) antennas, integrated with
and without the metasurface in the presence of the phantom model: (a) at 58 GHz, (b) at
59 GHz, (c) at 61 GHz, and (d) at 62 GHz.

curve corresponds to the radar system integrated with the metasurface, while the red curve
represents the radar-only system without any metasurface enhancement.

In Fig. 4.57a, the metasurface designed for 58 GHz demonstrates a strong focusing
effect, with the maximum transmitted power enhancement observed at approximately 58.3
GHz. A notable power increase of 14.8 dB is achieved compared to the radar-only case,
confirming the effectiveness of the metasurface in concentrating power at the desired fre-
quency. Similarly, Fig. 4.57b presents the result for the 59 GHz metasurface, where a peak
transmitted power enhancement of 14 dB is recorded at 59 GHz, aligned with the design.
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Fig. 4.57c displays the results for the metasurface targeting 61 GHz. Although a slight
shift in the peak response is observed at around 60.5 GHz, the transmitted power enhance-
ment remains significant, reaching 13.5 dB. This minor frequency shift can be attributed
to fabrication tolerances, substrate variations, or environmental factors affecting the di-
electric properties during measurement. Nevertheless, the overall improvement remains
substantial, demonstrating the robustness of the metasurface design against practical im-
perfections. In Fig. 4.57d, the metasurface designed for 62 GHz exhibits a transmitted
power enhancement of 12 dB centered at 62.2 GHz. While slightly lower than the enhance-
ments observed at lower frequencies, this still represents a strong power improvement,
enabling effective near-field sensing at this high frequency.

Across all four metasurface designs, consistent performance improvements between 12
dB and 15 dB are demonstrated, validating the multi-band metasurface approach for en-
hancing near-field transmitted power. The clear separation between the radar-only and
radar-with-metasurface curves highlights the significant contribution of the metasurface in
boosting the transmitted signal strength inside the phantom model. Additionally, minor
frequency shifts observed are within acceptable limits and do not affect the performance,
ensuring the practical feasibility of the metasurface integration with commercial radar
systems for biomedical sensing applications.

Table 4.2 presents a direct comparison between the simulated and measured focused
transmitted power levels. The slightly larger discrepancies observed between simulation
and measurement results at lower frequencies (58 GHz and 59 GHz) can primarily be
attributed to two practical factors. First, in the experimental setup, all metasurfaces were
positioned at a fixed distance of 2.5 mm (A at 60 GHz) above the radar antenna surface.
While this distance was optimized for near-field focusing at the designed frequencies, the
effect of such a gap becomes more significant at lower frequencies where the wavelength

Table 4.2: Comparison of Simulated and Measured Focused Transmitted Power Inside the
Skin for Multi-Radar Sensing with Multi-Band Multi-Focus Non-Interleaved Metasurface

Frequency (GHz) Simulated Power (dB) Measured Power (dB)
o8 16.5 14.15

29 16.1 13.6

61 14.5 13.1

62 12.5 12.55
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Figure 4.58: Signal-to-noise ratio analysis for varying glucose concentration levels, com-
paring the performance of single-band single-focus, dual-band dual-focus, and multi-band
multi-focus non-interleaved metasurface designs.

is larger, leading to phase deviations and reduced focusing efficiency compared to the
higher-frequency designs. Second, accurately replicating the exact dielectric properties,
specifically permittivity and conductivity, of the skin phantom model used in simulations
is challenging in practice. Small variations in material composition, mixing ratios, or
temperature conditions can cause deviations from the intended electromagnetic properties,
particularly at lower frequencies where material dispersion is more pronounced.

The final stage of the evaluation focuses on investigating the radar system’s signal-
to-noise ratio (SNR) by analyzing the reflected power from a skin phantom, modeled by
a beaker filled with pure water. To assess the improvements in near-field sensing with
enhanced SNR, varying glucose concentration levels were introduced into the phantom,
altering its permittivity. The results for the two proposed methods; the dual-band dual-
focus metasurface (Objective 3) and the multi-band non-interleaved metasurface (Objective
4), are analyzed and compared, as presented in Fig. 4.58. As illustrated, increasing the
glucose concentration from 20% to 70% reveals that the dual-focus metasurface consistently
achieves higher SNR compared to the single-focus metasurface. Furthermore, the multi-
band non-interleaved metasurface outperforms both approaches, offering the highest SNR
and improved differentiation between varying glucose concentration levels. This capability
to detect subtle dielectric changes corresponding to glucose variations across different skin
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locations highlights the enhanced sensitivity and precision of the system. Specifically, in the
power reflection and sensing analysis using the multi-band non-interleaved metasurface, it
is observed that a 10% increase in glucose concentration results in approximately a 3.5 dB
difference between the averaged results of the multi-radar and single-radar measurement
approaches. This confirms the advantage of multi-sensor distributed sensing for achieving
more accurate and reliable non-invasive glucose monitoring.
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Chapter 5

Conclusion and Future Works

In this chapter, the preliminary findings of this research are summarized, and possible
future works are pointed out with a suggested timeline.

5.1 Conclusions

On-body radar sensors represent a significant advancement in biomedical sensing tech-
nology, enabling continuous, real-time tracking of vital signs, glucose levels, and other
physiological metrics. These capabilities support early diagnosis, more effective treatment,
and improved patient outcomes. However, enhancing radar sensing is crucial to meet the
demands for accuracy, sensitivity, and reliability.

In the hardware configuration of these radar systems, it is commonly assumed that
the radar chipset architecture is predetermined, leaving the design of the antenna as the
primary variable, especially for glucose monitoring, where antenna near-field performance
is crucial to ensure accurate measurements without any gap between the antenna and the
human body skin. Most commonly used radars, which are off-the-shelf and commercially
available at an affordable price, can enhance their performance through the integration
of lenses, eliminating the need for retooling or re-manufacturing. However, despite these
enhancements, current designs are still insufficient for biomedical applications such as
blood glucose monitoring. As a result, no commercial radar-based glucose monitoring or
biomedical devices are currently available on the market.

The challenges associated with radar antenna design for biomedical applications are
multifaceted, including frequency selection, physical design complexity, and near-field op-
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Table 5.1: Comparative Analysis of Low-Frequency and

Biomedical Applications

Mm-Wave Radar Sensing for

Criteria

Low-Frequency Radar

mm-Wave Radar

Penetration Depth

High;
tissues

suitable for deeper

Limited to superficial tissue
layers

Spatial Resolution

Low; less precise targeting

High; enables higher sensing

Sensitivity to Dielectric
Changes

Lower due to weaker inter-
action

Higher due to strong dielec-
tric contrast

Power Consumption

Generally lower

higher

Susceptibility to Interfer-
ence

High multipath and envi-
ronmental interference

Lower interference in con-
trolled near-field region

Fabrication and Integra-
tion

Challenging for miniatur-
ization

Easier with on-chip integra-
tion

Quality Factor

Higher due to lower tissue
loss tangent

Lower due to higher tissue
absorption and increased di-
electric losses

Best Use Case

Bulk tissue
deeper targets

analysis or

Surface-layer analysis and
wearable monitoring, such
as glucose

eration requirements. Lower frequencies offer deeper penetration but poor resolution, while
higher frequencies suit skin-layer targeting but have limited tissue penetration. Table 5.1
outlines the advantages and disadvantages of using low versus mm-wave frequency bands
for the proposed topologies in this thesis, particularly in the context of glucose monitoring,
where selecting the appropriate frequency presents a significant challenge.

In addition, high-profile antenna structures, such as horns and planar array antennas
operating in the near-field, are often suffer from several issues, including complex designs,
high profiles, and lossy feeding networks, leading to inefficiencies and impracticalities in
real-world applications. Moreover, the conventional approach of defining the far-field by
placing the focal point far from the antenna restricts the ability to focus very close to
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the aperture, presenting a significant limitation in targeting specific areas in biomedical
scenarios. In the realm of near-field antenna design, it is crucial to emphasize that the far-
field design parameters should not be indiscriminately applied. While radiation pattern,
antenna gain, directivity, and sidelobe level are indeed important considerations in most
applications, they should be interpreted differently in the context of near-field antennas.
The primary objective of near-field antenna design is to optimize the performance and
characteristics of the antenna in close proximity to the radiating source, typically within a
wavelength or less. Therefore, the emphasis shifts towards achieving efficient power trans-
fer, minimizing near-field distortions, and tailoring the antenna’s characteristics to meet
the specific needs of short-range communication systems. Applying far-field design param-
eters without modification in the near-field context can lead to less-than-ideal performance
and potentially negate the benefits of using near-field antennas.

Furthermore, the absence of attention to impedance matching in the near-field signifi-
cantly limits the practical use of these antennas for direct contact with the human body,
a critical aspect in integrating them into medical devices. In medical microwave imaging,
antennas are positioned in close proximity to the body to capture faint echoes from the
internal organs, which are often obscured by strong reflections from the skin. Given the
antennas’ extremely close proximity to the body, it is vital to carefully consider the char-
acteristics of near-field antennas. The challenge arises when attempting to integrate these
antenna structures with compact devices like radars or sensors, impeding their practicality
in real-time health monitoring applications. Most existing reviews primarily concentrate
on near-field antennas with larger sizes and focal points located beyond the free-space
wavelength. As a result, these studies are unsuitable for compact and lightweight inte-
gration into devices meant for real-time health monitoring, a crucial necessity in practical
biomedical applications.

With the identified bio-radar antenna challenges and outlined solutions, the devel-
opment of an advanced radar system is critical. In Chapter 3, we introduced the de-
velopment of lens-based structures, specifically dielectric rod arrays and gradient-index
(GRIN) Luneburg lenses, to significantly enhance radar power transmission and address
the beam offset issue inherent to bistatic radar configurations, where the TX and RX
antennas are placed on the same plane but spatially offset from the central axis. These
lenses demonstrated a strong ability to correct beam alignment and improve electromag-
netic field concentration in the desired direction, ensuring more effective sensing and signal
reception. These designs address key challenges in low-frequency radar sensing for external
monitoring, such as limited spatial resolution and inadequate focusing, while maintaining
the compactness required for portable medical devices. The contributions outlining this
technique are detailed in our prior works [175, , , , , 240].
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However, while the proposed 3D lens structures offer high gain and directional accuracy
in far-field applications, their practicality for near-field biomedical sensing, particularly for
internal health biomarkers, is limited. Optimal performance often requires high-profile
geometries, resulting in bulky, non-conformal designs that are difficult to integrate with
the human body and suboptimal for focusing within lossy biological tissues. Additionally,
their design for free-space radiation and inherent structural complexity present challenges
for impedance matching with human tissue and integration with compact radar modules
in wearable or on-body systems. It is also important to note that dielectric lenses, such
as GRIN Luneburg lenses, offer cost-effective fabrication when designed for low-frequency
operation. However, transitioning to millimeter-wave frequencies substantially increases
manufacturing complexity and associated costs. This is primarily due to the stringent pre-
cision requirements and challenges in fabricating miniature 3D unit cells at sub-wavelength
scales, which demand advanced techniques and tighter tolerances.

The second phase of this research introduces novel radar-based approaches for near-
field biomedical sensing, specifically designed to address existing challenges in accuracy,
sensitivity, and system integration.

Metasurfaces, with their precise control over electromagnetic waves, significantly en-
hance resolution and sensitivity when integrated into millimeter (mm)-wave radar sys-
tems. This thesis presents the latest developments in metasurface technology for biomedical
sensing, featuring an adaptable, compact, near-field-focused transmissive array designed
for air-skin interface matching. Constructed using frequency-selective surface theory, the
metasurface comprises layers of phase-synthesized unitcells and seamlessly integrates with
commercially available radar operating within the 5863 GHz frequency band. The evo-
lution of this system is depicted, starting with a single-focus metasurface, Fig. 5.1a, and
advancing to dual-focus configurations, Fig. 5.1b, that overcome the inherent limitations
of the previous design. Furthermore, this approach is extended to multi-focus sensor ar-
chitectures, where data fusion from multiple radars enhances power delivery to the skin at
various depths and locations, Fig. 5.1c and 5.1d. The design effectively concentrates ab-
sorbed power density within the skin, while radar signal processing analysis demonstrates
a corresponding improvement in the signal-to-noise ratio.

To overcome these limitations, we transitioned to the development of low-profile, planar
metasurfaces, as presented in Chapter 4. These structures offer precise phase control and
electromagnetic wave manipulation capabilities within a much more compact and conformal
form factor. Unlike traditional bulky lenses, metasurfaces are more adaptable for near-
field operation in biomedical environments, enabling better integration with skin-contact
radar systems while still achieving enhanced power delivery and spatial focusing within
the human body.
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Figure 5.1: Advancements in blood glucose sensing with metasurfaces: (a) Single-focu;, (b)
Dual-focus with dual-band capability for dual-depth sensing (Depth Sensing); (c¢) Multi-
focus radar sensing enhanced with identical near-field focus metasurfaces (Spatial Sensing);

(d) Multi-focus non-interleaved metasurfaces for distributed sensing via multi-radar fusion
(Spatial+Depth Sensing).
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The objective 1 introduced a low-profile planar metasurface which is specifically de-
signed with impedance matching capabilities, seamlessly integrated with radar transmitter
and receiver antennas, facilitating direct contact with a human body simplified model to
enable substantial advancements in near-field sensing performance for biomedical appli-
cations. The key aspects contributing to the metasurface’s remarkable radar near-field
sensing were the enhanced power density absorption from the radar antenna transmitter
into a controlled medium alongside the elevated received power level by the radar antenna
receiver, leading to a higher system signal-to-noise ratio. Specifically, inside the simplified
liquid container as a human skin phantom, the use of the metasurface led to an improve-
ment of more than 11 dB in the near-field Poynting power density. Moreover, through
radar signal processing, the analysis revealed an additional improvement of over 11 dB in
radar signal-to-noise ratio, thereby enhancing the sensor sensing abilities. This metasur-
face focuses near-field Poynting power on a single spot 2 mm beneath the skin, targeting
glucose measurements from the skin dermis layer, as shown in Fig. 5.1a. The contributions
outlining this technique are detailed in our prior works [120), , , , —243], where
we present the design, implementation, and evaluation of metasurface-enhanced radar sys-
tems for near-field sensing across single-frequency single-focus configurations for wearable
biomedical applications.

While single-metasurface radar systems provide localized high-resolution sensing, they
fall short in addressing the spatial variability of glucose distribution across different regions
of the skin. Glucose levels vary significantly depending on the anatomical site — for
example, concentrations in the arm can be up to 5% lower than those in the finger. A
system with only one focal point captures data from a narrow area, making it incapable
of accounting for the broader physiological heterogeneity. In addition, variations in skin
thickness, hydration, and tissue composition further degrade signal reliability when limited
to a single sensing location.

Designing a near-field focus metasurface with multi-focusing capability offers a promis-
ing pathway to overcome the limitations of single-focus systems in biomedical sensing.
However, when this is implemented using a single-fed metasurface, the transmitted power
must be divided among multiple focal points. This division inherently reduces the aperture
efficiency, resulting in diminished electromagnetic energy delivered to each focus. Conse-
quently, the reduced energy at individual focal locations compromises both the signal-to-
noise ratio and the spatial resolution of the radar system, ultimately limiting the accuracy
and effectiveness of physiological parameter detection. These constraints underscore the
necessity of a multi-radar system, where identical single-focus metasurfaces are deployed
across different body regions. Such a distributed sensing configuration allows concurrent
data collection from multiple anatomical sites, effectively compensating for site-specific
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physiological discrepancies and significantly improving the robustness of glucose monitor-
ing.

This thesis extends this methodology to multi-focus bio-sensor system, as demonstrated
in Fig. 5.1c, where data fusion from multiple sensors enhances spatial resolution by cap-
turing data from various skin locations at the same penetration depths. In this work, a
radar near-field scanning system is proposed, drawing inspiration from inverse synthetic
aperture radar (ISAR) techniques. The proposed method eliminates the need for mechan-
ical movement by leveraging a Synchronized Multi-Radar Bio-Sensor System for real-time
distributed sensing, utilizing millimeter-wave radar modules enhanced by skin-matched
metasurfaces to monitor physiological parameters across multiple skin sites, in which the
human body remains stationary or in natural motion while multiple radar sensors op-
erate simultaneously. This approach establishes a flexible, scalable radar sensing frame-
work for high-resolution, real-time biomedical monitoring. By simultaneously capturing
data from three distinct locations and employing advanced signal processing algorithms
for multi-radar synchronization, the system mitigates intrasubject and intersubject vari-
ability caused by differences in skin composition, blood flow, and environmental factors,
enhancing spatial coverage, compensating for inconsistencies, and providing a more reliable
assessment of biomedical conditions. Experimental results demonstrate that the proposed
fusion-based system outperforms radar-only solutions, achieving up to a 2.4-times improve-
ment in radar SNR when addressing blood glucose distribution inconsistencies with a 20%
glucose concentration variation across different skin phantoms. This configuration allows
simultaneous data capture from multiple skin sites, increasing physiological coverage and
robustness. A detailed presentation of this methodology and its performance evaluation is
provided in our publication [225, 244].

While single-frequency radar systems can provide localized sensing, such systems offer
restricted depth of information, as they cannot effectively detect dielectric changes occur-
ring at different tissue layers, limiting the radar’s utility in analyzing subsurface biological
properties. This limitation is particularly critical in glucose monitoring, where dielectric
properties vary with tissue depth, and physiologically meaningful glucose concentrations
may reside at different layers depending on the individual or site. The situation is further
complicated by the 7-8 minute physiological lag between blood and interstitial glucose, as
well as dynamic glucose transport, which can cause up to 10% variation in consecutive read-
ings. A single-focus metasurface, regardless of whether it is deployed with one or multiple
radars, cannot capture this depth variability. To address this, multi-frequency operation
becomes essential. One effective solution is the use of a dual-band, dual-focus metasurface
that enables a single radar to sense at two distinct tissue depths simultaneously.

This thesis proposes advancements in near-field-focused metasurface technologies to en-
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hance the accuracy of the radar system by progressing towards dual-focus configurations,
as illustrated in Fig. 5.1b, addressing the limitations inherent to single-focus designs. This
work introduces a dual-band, dual independently-tunable near-field focus metasurface de-
signed to enhance the performance of mm-wave radar-based bio-sensor. This metasurface
enables dual focusing of absorbed power within human skin, achieved through a phase-
synthesized analysis of the metasurface array, where each focal point is controlled by a dis-
tinct frequency band within the radar spectrum. The integration of the proposed metallic
slot metasurface with commercially available Infineon radar TX/RX antennas results in
a 14.7 dB and 12.4 dB increase in Poynting power density at two distinct points within
a human skin phantom model, along with an increase in radar-received power by 11 dB
and 12.7 dB at 58.5 GHz and 61.7 GHz, respectively, significantly enhancing the radar’s
bio-sensing capabilities. A detailed presentation of this methodology and its performance
evaluation is provided in our publication [215].

Although this dual-band functionality provides richer physiological information and
marks an important transition from purely spatial distribution to frequency-selective depth
control, scaling this concept to more than two bands introduces significant design complex-
ity and practical limitations in metasurface synthesis.

To address this challenge, a Frequency-Scanning Multi-Radar System with Multi-Band
Non-Interleaved Metasurface is presented. This work presents a near-field radar sensing
system that targets multiple skin locations and depths by integrating a multi-radar ar-
chitecture with frequency-selective metasurfaces. Specifically, a Multi-Radar System with
Multi-Band Non-Interleaved Metasurface is developed, where each radar module is cou-
pled with a custom-designed metasurface operating at a distinct frequency band. This
configuration enhances the detection of physiological parameters, including the identifi-
cation of blood-related abnormalities, by enabling frequency-dependent penetration and
localized energy delivery. The proposed metasurface employs discrete, non-overlapping
zones composed of phase-synthesized unitcell arrays. Each zone functions as a low-profile
impedance-matching network, optimized for a designated frequency within the 58-63 GHz
millimeter-wave range. This design increases the near-field efficiency by concentrating
absorbed power at targeted skin depths, with frequency-dependent tuning allowing multi-
depth interrogation.

Experimental validation using a customized skin-mimicking phantom demonstrates sig-
nificant improvements in near-field absorbed power density. Specifically, transmitted power
enhancements of 16.5 dB, 16.1 dB, 14.5 dB, and 12.5 dB were achieved at 58 GHz, 59
GHz, 61 GHz, and 62 GHz, respectively, confirming the effectiveness of the metasurface
designs across the targeted multi-band operational range. Moreover, the received power
captured by the RX3 antenna confirms that the metasurfaces designed at 58, 59, 61, and
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Figure 5.2: Developed radar-based bio-sensor systems for non-invasive glucose monitor-
ing, showcasing the evolution from single-band single-focus design to advanced multi-band
multi-focus sensing.

62 GHz achieve reflected power and SNR enhancements of 14.15 dB, 13.6 dB, 13.1 dB,
and 12.55 dB, respectively. These results validate the metasurfaces’ ability to significantly
improve near-field reflection and sensing performance at their targeted frequency bands.
This frequency-scanning strategy facilitates multi-depth, multi-location sensing, enabling
a more comprehensive volumetric assessment of dielectric changes within biological tissue.
A detailed presentation of this methodology and its performance evaluation is provided in
our publication [235].

This progression from a single-band, single-focus system to a fully distributed, multi-
frequency platform, highlights the central contribution of this thesis: the development of
adaptable, metasurface-integrated radar sensing strategies that overcome the spatial and
depth limitations of conventional non-invasive wearable biomedical sensing, as illustrated
in Fig. 5.2. Table 5.2 highlights the key contributions of this thesis in addressing the
research gaps outlined in Chapter 2.

To assess the improvements in near-field sensing with enhanced signal-to-noise ratio,
varying glucose concentration levels were introduced into the phantom, altering its per-
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Table 5.2: Radar-Based Biomedical Sensing Challenges and the Corresponding Solutions

Presented in This Thesis

Challenges

Solutions

Inappropriate operational frequency
band

Mm-wave frequency selection for dermis-
layer penetration, utilizing its homogeneous
blood distribution and minimizing interfer-
ence from surrounding tissues.

Complex designs, high profiles, lossy
feeding networks, high fabrication cost

Simple, low-profile, and compact design with
low cost, ideal for integration into wearable
devices.

Employing the traditional method of
Far-Field

Employing the Near-Field theory analysis.

Disregarding impedance matching be-
tween the NF antenna radiation and
the human body

Using matching layers to improve coupling
efficiency between air and skin media.

Failure to concentrate power in the in-
tended body region

Directing NF transmitted power to the spe-
cific targeted body region.

Limited sensing due to co-located TX
and RX antennas in the radar system

Enhancing radar sensing by increasing the re-
flected power from the body to the RX an-
tenna using spatially optimized antenna con-
figurations.

Low accuracy caused by the inhomoge-
neous distribution of blood across dif-
ferent skin regions

Implementing distributed near-field sensing
using synchronized multi-radar systems to
increase spatial coverage and improve mea-
surement robustness.

Inability to detect signals at varying
penetration depths

Using multi-band radar sensing to perform
depth-resolved measurements, allowing bet-
ter characterization of layered physiological
structures.

mittivity properties to simulate physiological changes. The results for the three proposed
methods, the single-band single-focus metasurface (Objectives 1 and 2), dual-band dual-
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focus metasurface (Objective 3) and the multi-band non-interleaved metasurface (Objective
4), are analyzed and compared. It shows that increasing the glucose concentration from
20% to 70% reveals that the multi-focus multi-band setup consistently provides the highest
received power, offering the highest SNR and improved differentiation between varying glu-
cose concentration levels, followed by the dual-focus dual-band, and finally the single-focus
single-band configuration. This capability to detect subtle dielectric changes correspond-
ing to glucose variations across different skin locations highlights the enhanced sensitivity
and precision of the system. Specifically, in the power reflection and sensing analysis using
the multi-band non-interleaved metasurface, it is observed that a 10% increase in glucose
concentration results in approximately a 2.5-3.5 dB difference between the averaged results
of the multi-radar and single-radar measurement approaches. This confirms the advantage
of multi-sensor distributed sensing for achieving more accurate and reliable non-invasive
glucose monitoring.

In anticipation of future developments, the research thesis outlines upcoming directions,
emphasizing the continual exploration of radar near-field sensing in various biomedical
applications. This involves clinical human trials, advancing the metasurface-enhanced
approach and introducing innovative scanning methods for near-field biomedical sensing.

5.2 Initial Evaluation and Pre-Clinical Validation in
Human Subjects

This section presents the initial evaluation and pre-clinical validation of the proposed
radar-based sensing system on human subjects, serving as a crucial step toward assessing
its real-world applicability. To simulate controlled physiological changes in glucose levels, a
small-scale pre-clinical trial was conducted on healthy lab volunteers. The participants were
in a fasting state during the early morning to ensure a consistent baseline. Each subject
consumed a large glass of apple juice containing approximately 25% sugar by volume,
intended to induce a noticeable rise in blood glucose levels. Radar measurements were
then taken at multiple time intervals post-consumption, allowing us to observe and record
the dynamic electromagnetic responses corresponding to glucose concentration changes in
the body over time.

These preliminary tests helped evaluate the feasibility of using near-field radar sensors
integrated with the metasurface platform for tracking glucose-related dielectric changes in
a non-invasive manner. While not a full clinical study, this early human subject testing
provides valuable insights into system performance in realistic conditions, and lays the
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Figure 5.3: Measurement setup showing the mm-wave radar module integrated with a
single-focus metasurface. The system is connected to a data acquisition interface, with
real-time data captured using a Python script.

groundwork for future clinical investigations.

Fig. 5.3 illustrates the experimental setup used for initial human testing, where the
Infineon millimeter-wave radar module is integrated with a single-focus metasurface intro-
duced in Objective 1. The radar system is connected to a computer running a Python-based
data acquisition program, enabling real-time signal capture during the glucose intake ex-
periment. Fig. 5.4 presents the initial results obtained from radar measurements. In this
preliminary evaluation, three participants were seated in a stationary position for approxi-
mately one hour. Each subject consumed a glass of apple juice (containing approximately
25% sugar) at the 10-minute mark. The radar response exhibited distinguishable signal
spikes following juice consumption, indicating sensitivity to elevated glucose levels. How-
ever, the magnitude and timing of these responses varied across individuals, reflecting
physiological variability. During the measurements, subjects placed their fingertip directly
in contact with the metasurface. Although care was taken to minimize external interfer-
ence, minor motion artifacts, such as finger movement, variable pressure on the surface,
or the formation of air gaps, may have contributed to inconsistencies in the signal. Addi-
tionally, factors such as skin type, thickness, moisture, or perspiration could influence the
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Figure 5.4: Initial radar measurement results from human subjects using the single-focus
metasurface-integrated mm-wave radar module. The plots illustrate the variations in radar
signal response over time, reflecting individual physiological differences in glucose absorp-
tion and skin interaction; (a) subject 1, evaluation on right and left hand finger; (b) subject

2; and (c) subject 3.

radar’s sensitivity and accuracy.

These observations raise important questions about inter-subject variability and envi-
ronmental influences, which must be addressed in future clinical trials. While this thesis
focuses on the technological development of bio-radar sensing, spanning from single-focus

191



to multi-frequency, multi-radar platforms (Objectives 1-4), the next phase will involve
large-scale clinical testing. These trials will incorporate clustering of data across diverse
user groups and may eventually employ machine learning algorithms to refine signal in-
terpretation and improve diagnostic accuracy. Such validation lies beyond the scope of
this thesis but is actively pursued by our research team as part of the commercialization
pathway, with results expected in the near future.

5.3 Future Works

The increasing interest within engineering and life science communities in utilizing radar
system for healthcare sensing has driven continued advancements in this technology. Nev-
ertheless, substantial technical challenges persist, requiring resolution for the practical
implementation of this sensor technology to benefit humanity. This section addresses the
remaining tasks essential to completing this research, outlining four main objectives for
future work, as discussed in the following sub-sections.

5.3.1 Reconfigurable Metasurface for Multi-Focus Sensing

In Objective 3, a dual-band, dual-focus metasurface was introduced, enabling simultaneous
near-field focusing at two distinct spatial locations and frequencies. While this marked a
significant advancement in enhancing both spatial and depth resolution in radar-based
biomedical sensing, the next evolution lies in introducing reconfigurable metasurfaces that
can electronically steer the focal point across the near-field domain, analogous to beam
steering in phased array antennas. This approach offers dynamic control over energy
concentration within the human body skin, enabling precision sensing without physical
repositioning or reconfiguration of the hardware.

In traditional radar and antenna systems, beam steering or multi-focusing is commonly
applied in far-field scenarios for multi-target detection, typically achieved through phased
arrays or MIMO configurations. These techniques have proven effective in applications such
as surveillance, automotive radar, and defense, where precise control of beam direction and
shape enhances target localization and tracking. In this configuration, the phased-array
antenna operates under the far-field approximation, assuming parallel wavefronts and equal
path distances from each array element to the target, as illustrated in Fig. 5.5a, where
0 is the angle of incoming wave, d is the antenna spacing, A shows the propagation path
difference between adjacent antenna elements, A = dsinf), m is the number of antenna
elements, and z,,(t) is the received signal at the m-th antenna element.
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Figure 5.5: (a) Beam steering in a phased-array antenna system for far-field target detec-
tion; (b) Electronic focus steering using a reconfigurable metasurface for near-field energy
localization within human body skin.

However, when transitioning to near-field biomedical sensing, such far-field paradigms
must be reimagined, as the wavefront behavior and energy distribution in the near-field
differ fundamentally from those in the far-field. Specifically, directing power to discrete sub-
cutaneous focal points requires careful spatial phase synthesis at sub-wavelength distances,
as shown in 5.5b, beyond the capability of conventional far-field beamforming methods.

To address this gap, we propose the design of a reconfigurable near-field metasurface, in
which electronic elements such as PIN diodes or MEMS switches are integrated within the
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metasurface unit cells. This configuration enables dynamic phase tuning, allowing the focal
point to be electronically shifted across various positions on or beneath the skin—effectively
steering the near-field focus in real time. Such a design can be conceptualized as a near-field
beam steering platform, tailored for biomedical applications, such as non-invasive glucose
monitoring or early-stage cancer detection.

This capability is particularly critical for glucose monitoring, where glucose concen-
trations can vary spatially due to localized physiological factors such as tissue hydration,
skin thickness, or blood vessel distribution. However, implementing multi-focusing using
passive, single-fed metasurfaces introduces the challenge of power division across multiple
foci, leading to reduced aperture efficiency and decreased energy at each focal point. This
limitation can be overcome by transitioning to frequency-controlled or electronically re-
configurable designs, where each focal point is excited selectively, either by operating at a
distinct frequency band or by toggling the phase configuration through active components.

5.3.2 Near-Field Scanning System for Enhanced Bio-Sensing at
Low Frequencies

In [226], we introduces a near-field scanning system designed for bio-sensing applications,
with a primary focus on operating at low frequencies. The utilization of low frequencies in
communication systems allows signals to navigate through tissues with reduced absorption
and scattering, enabling more reliable and efficient communication within the intricate
environments of the human body. However, low-frequency communications face a chal-
lenge in resolution when compared to mm-wave frequencies. This challenge stems from
the inherent characteristics of low-frequency signals, characterized by longer wavelengths.
Consequently, the capacity to discern fine details or achieve precision in data resolution
becomes constrained. This limitation becomes particularly relevant in applications that
demand high-resolution imaging and precise sensing.

The proposed system, operating in close proximity, utilizes the near-field scanning
method and leverages evanescent waves to enhance resolution and accuracy. By capitaliz-
ing on the advantages of low frequencies, the proposed system achieves greater penetration
into the human body, revealing finer details crucial for precise bio-sensing, though with
a compromise in resolution. Employing a near-field scanning technique, the system de-
tects subtle variations in the biological properties of the human body. This underscores
its efficacy in capturing intricate details while compensating for the reduced resolution.
Simulations and measurement results highlight the system’s proficiency in detecting 10%
deviations in physiological parameters, achieved through scanning steps of 1 cm.
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Figure 5.6: The near-field scanning system setup for bio-sensing

In the near-field mechanical scanning approach presented in [220], the methodology
is inspired by the principles derived from Synthetic Aperture Radars (SAR), featuring a
movable system with an extensive scanning area. This system incorporates a low-frequency
setup with TX and RX antennas operating at 2.4 GHz, as depicted in Fig. 5.6, enabling
near-field pattern sensing from the human body.

The operational procedure involves positioning the TX antenna in close proximity to the
human body’s surface to detect variations in its near-field evanescent wave, subsequently
transmitted to the RX side. In this configuration, the RX antenna is strategically placed in
front of the body area within the other side of the TX antenna’s near-field region. The RX
antenna’s mobility allows for two-dimensional scanning of the area parallel to the human
surface, with the TX antenna situated at the center of the scanning surface.

As illustrated in 5.6, both TX and RX antennas are connected to the two ports of a
Network Analyzer, and the mutual coupling (S21) is measured and recorded at each point,
contributing to the formation of the near-field pattern. Any deviations in the evanescent
waves’ radiation within the near-field region, attributed to the presence of abnormalities
in the body, result in the generation of a new near-field pattern. Collecting near-field data
from various scanned points yields a comprehensive sensing pattern, and the comparative
analysis of these patterns in diverse scenarios provides highly accurate near-field bio-sensing
for biomedical applications.

Initial experiments for proving the concept have demonstrated the feasibility of this
method. In the experimental setup depicted in Fig. 5.7, a radar system is employed at the
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Figure 5.7: The measurement setup for the near-field scanning approach

early stages of development, featuring a readily available printed dipole antenna operating
at 2.4 GHz as a transmitter (TX) and a simple probe as a receiver (RX). The objective
of this experiment is to investigate the antenna’s near-field behavior at different measured
spots using the scanning approach. By systematically scanning a section of a desired
medium with equal steps on a plane placed parallel to the dipole antenna, a near-field
pattern of the received waves can be obtained. As illustrated in Fig. 5.8, the probe tip is
positioned at a distance of 5 cm above the dipole antenna, held by a gripper attached to a
robot arm. The robot is programmed to perform scanning on a planar grid parallel to the
dipole antenna surface, covering dimensions of 10x10 cm with a step size of 1 cm.

To validate the measurement results, full-wave simulation analysis is also employed. As
depicted in Fig. 5.8, the simulation incorporates the dipole antenna with precise dimen-
sions, accounting for the effects of the SMA port, coaxial cable, and a probe positioned
at the exact distance. It can be shown that Despite accounting for the asymmetrical and
non-ideal aspects of the fabricated dipole antenna, both the simulation and measurement
near-field patterns exhibit a notable agreement.
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Figure 5.8: Simulation setup for the scanning approach, TX and RX antennas; with Scan-
ning surface at 5 cm above the TX.

The next step is to proceed to analyze effectiveness and accuracy of the scanning ap-
proach for biomedical detection. In the first scenario, the focus is on determining whether
the near-field sensing of the dipole antenna can detect changes in the dielectric permittivity
of the underlying medium. To explore this, a uniform dielectric slab with 1 cm thickness
is replaced instead of the foam layer and positioned at a 7 mm distance beneath the dipole
antenna, as illustrated in Fig. 5.8.

In the simulation and measurement process, it is essential to develop a skin-mimicking
phantom that accurately replicates the dielectric properties of human skin at 2.4 GHz,
with a relative permittivity of ¢, = 38 and conductivity ¢ = 1.46 S/m, as reported in
[246]. To this end, a Pyrex container with a 1 cm wall thickness is used, filled with a
mixture of pure water and 55% glycerin by volume. As noted in [247], this composition
closely reproduces the frequency-dependent electrical characteristics of human skin. The
phantom model, along with the permittivity and conductivity variations across the 0-3
GHz range, is illustrated in Fig. 5.9, providing a reliable medium for validating radar
performance under near-field scanning conditions.

As illustrated in Fig. 5.6, the portable TX antenna is strategically placed on the human
body for detection. Subsequently, an individual standing at a specific distance undergoes
surface scanning, including the RX antenna, facilitated by a programmable robot arm. The
robot arm is capable of moving in various directions, scanning the space with a resolution
of 1 mm or less. The low-frequency radar captures the near-field power from the human
body, which is received by the RX antenna at different scanning positions.

Fig. 5.10 demonstrates the effectiveness of SAR-based near-field scanning for detecting
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Figure 5.9: Dielectric skin phantom model used for near-field radar measurements. The
Pyrex container is filled with a water-glycerin mixture (55% glycerin by volume), emulating
human skin electrical properties.

variations in dielectric properties, which are critical for biomedical sensing applications
such as glucose monitoring. The figure presents the collection of a series of 2D contour
plots, illustrating near-field power distribution from various scanned points produces a
near-field sensing pattern for varying relative permittivity (e,) values, ranging from 38 to
50. Each plot represents the spatial distribution of radar power over a scanned area, where
the x- and y-axes represent the spatial coordinates across the scanning plane, the color
scale denotes the received power levels in dB, with darker blue areas indicating regions of
stronger reflection or absorption, corresponding to more focused or absorbed energy. As
g, increases, the power distribution changes, indicating that the radar system is sensitive
to the dielectric variations in the medium, such as those caused by physiological changes
in tissue properties.

Comparing these patterns in different scenarios enables the identification of the presence
of any abnormalities or glucose variations with distinct permittivity inside the body, as
presented in Fig. 5.11. The bar graph quantifies the variation in power across the scanning
area for each dielectric permittivity step. It plots x-axis: Percentage variation in dielectric
permittivity (from 2% to 32%), and y-axis: Corresponding power variation range (in dB)
observed in the scanning area. The results show a clear, monotonic increase in power
variation as the permittivity deviates further from the baseline, with a maximum variation
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Figure 5.10: Near electric field pattern captured by scanning the RX antenna at differ-
ent permittivity values deviating from the baseline human skin permittivity at 2.4 GHz,
illustrating the radar’s ability to detect dielectric abnormalities in biological tissue.

of over 9 dB for a 32% change. This behavior confirms the strong sensitivity of the radar
system to dielectric changes, validating the system’s potential for accurate detection of
tissue dielectric properties. It is evident that the results are promising and even minor
variations of 10% in the dielectric constant are detectable through the antenna’s near-field.

In the second scenario, to further validate the potential of near-field radar sensing for
biomedical applications, a 1x1 c¢m dielectric cube, modeling a localized abnormality such
as glucose inconsistency within the skin, is embedded at a random position within the
dielectric slab, as illustrated in Fig. 5.12. During the measurement process, this cube is
physically realized using a small Pyrex container with a diameter of 1 cm. The experimental
setup is used to compare the near-field electric field distributions resulting from variations
in the cube’s dielectric constant. As shown in Fig. 5.12, even a modest 10% change in
the dielectric constant yields detectable variations in the near-field pattern, demonstrating
the system’s sensitivity to subtle permittivity differences—critical for applications such as
glucose monitoring or early-stage anomaly detection.

In this section, the effectiveness of the scanning approach for near-field sensing has been
successfully demonstrated. As a future endeavor to advance the practical feasibility of this
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work, the proposed near-field scanning approach can be implemented using a low-frequency
radar system in place of the vector network analyzer (VNA) for data acquisition and signal
processing, paving the way for real-world deployment.

5.3.3 GRIN Planar Luneburg Lens for Near-Field Focusing in
Biomedical Sensing

Expanding upon the foundational work presented in Chapter 3, this section addresses a
critical limitation observed in the metasurface-enhanced radar system developed in Chap-
ter 4, namely, the off-center near-field focusing resulting from the lateral offset of the radar
antenna relative to the metasurface aperture. This misalignment causes the electromag-
netic energy to concentrate at a focal point away from the system’s boresight, leading to
unpredictable reflection paths. As a result, the reflected power from the tissue or phantom
is no longer directed toward the radar receiver antenna, thereby compromising the sens-
ing accuracy and reliability. This issue is particularly problematic in radar systems with
only a single transmitter and receiver pair, where the focal point misalignment can lead to
near-zero reception despite localized energy absorption within the target.

In the prototype system using the Infineon radar, which includes three spatially sep-
arated receiver antennas, this limitation is partially mitigated, as at least one receiver is
more likely to capture the redirected reflected signal. However, for broader applicabil-
ity, especially in compact radar configurations, this misalignment must be resolved at the
design stage. Correcting the off-center focusing through phase-synthesis analysis in the
metasurface design presents a considerable challenge. Specifically, achieving precise near-
field phase compensation requires an accurate mapping between the radar aperture offset
and the desired focal location. In the absence of a rigorous analytical model or prior phase
response characterization, designing the phase profile to steer the focus onto the boresight
becomes computationally intensive and prone to inaccuracies, especially under complex
boundary conditions such as air—skin interfaces.

To address these limitations, a promising future direction is the development of a planar
gradient-index (GRIN) Luneburg lens structure tailored for near-field bio-sensing applica-
tions. Unlike the high-profile, spherical GRIN lens introduced in Chapter 2, optimized
for far-field applications, this planar implementation would be designed to focus electro-
magnetic energy precisely within the human skin while maintaining compatibility with
low-profile, wearable radar systems. Such a lens would not only offer improved control
over near-field wavefront shaping but also ensure accurate boresight power coupling to
both the TX and RX antennas, enabling more efficient biomedical sensing performance.
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5.3.4 Non-Invasive Bio-Sensing Using Metasurface-Enhanced
Radar and Optical Spectroscopy Fusion

Achieving high-accuracy non-invasive glucose monitoring remains a central challenge in
biomedical sensing due to the physiological complexities of glucose transport, variability
across body sites, and the inherently weak dielectric contrast of glucose within biological
tissues. Traditional sensing methods frequently encounter limitations such as inconsis-
tent readings, shallow penetration depths, and low signal-to-noise ratios, challenges that
are particularly evident when systems are restricted to single-frequency operation or lo-
calized point measurements. As established in this thesis, multi-frequency radar sensing
offers a powerful improvement by enabling spatially and depth, resolved data acquisition.
This approach captures glucose-induced dielectric variations from multiple skin layers and
anatomical sites, thereby enhancing robustness and sensing resolution.

However, despite these advances, multi-frequency radar alone may still fall short of
achieving the level of precision required for clinical-grade glucose monitoring, especially
given individual physiological variability and environmental influences. To address this
gap, the integration of radar with complementary modalities, particularly optical sensors,
presents a compelling path forward. This synergistic fusion can enhance signal accuracy,
compensate for weaknesses in individual modalities, and offer real-time, non-invasive glu-
cose monitoring with higher confidence. Such hybrid systems represent a promising direc-
tion for next-generation biomedical diagnostics.

We introduce a proof-of-concept wearable platform in the form of a smart earring
designed for non-invasive glucose monitoring by fusing two sensing modalities: 60 GHz
millimeter-wave metasurface-enhanced radar and 940 nm near-infrared (NIR) optical spec-
troscopy, as presented in [2412]. The earring is 3D-printed and ergonomically optimized to
collect simultaneous measurements from the earlobe, an anatomically favorable site due to
its minimal muscle tissue and high user comfort. As shown in Fig. The mm-wave radar
operates in reflection mode, capturing variations in the dielectric properties of tissue as glu-
cose levels change, while the optical sensor functions in transmission mode, measuring the
amount of absorbed and scattered light, which also correlates with glucose concentration.

The key contribution of this work is the demonstration that combining both sensing
techniques significantly improves glucose monitoring accuracy, as shown in Fig. 5.13. In-
dividually, the radar and optical sensors achieved average measurement errors of 13.42%
and 7.99%, respectively. However, when their data was fused using a Kalman filtering
algorithm, the error was reduced to 5.99%. This improvement reflects the complementary
nature of the two modalities: radar performs better at higher glucose concentrations due
to more pronounced dielectric changes, whereas optical sensing offers higher sensitivity at
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Figure 5.13: Multi-technology fusion setup integrating a metasurface-enhanced mm-wave
radar and an optical sensor for high-accuracy, non-invasive glucose monitoring at the ear-

lobe.

lower glucose levels where scattering dominates. The use of sensor fusion also addresses
many challenges associated with each individual modality. For instance, radar sensors are
susceptible to motion artifacts and environmental noise such as humidity, while optical
sensors can experience saturation or signal degradation at higher concentrations. By in-
tegrating both, the system becomes more robust to external influences and physiological
variability.

The device’s wearable format also supports the practical need for continuous, unobtru-
sive monitoring in real-world settings, potentially enabling real-time alerts for individuals
with diabetes or glucose regulation concerns. Therefore, this work validates the use of
multimodal sensing by showing that combining radar and optical spectroscopy leads to im-
proved glucose monitoring performance. The dual-mode approach leverages the strengths
of both technologies, electromagnetic wave reflection and optical transmission, to provide
a broader dynamic range and increased measurement reliability.

Together, multi-frequency, multi-technology strategies establish a flexible, scalable plat-
form for non-invasive glucose monitoring with enhanced resolution, deeper tissue penetra-
tion, and improved tolerance to biological variability. The resulting system architecture
supports real-time bio-signal acquisition and paves the way for more reliable wearable
health monitoring solutions in the future work.
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Appendix A

Radar Signal Processing

A.1 Radar Signal Processing

FMCW radar systems broadcast an amplified and frequency-modulated electromagnetic

signal produced by a signal generator into the environment and then receive the reflected

signals from various objects which carry the properties such as range and radar cross-
antenna

section.
(t9) .
Signal “ Beat signal
generator ADC Range FFT
() Received
Low pass .
ADC filter Receiver Power Power Range bin
i antenna calculation selection

(a) (b)

Transmitter

Making

range-time
matrix

Figure A.1: (a) A simple block diagram of radar before signal processing where both
transmitter and receiver are at the same place. (b) The signal processing chain for power
calculation

Fig. A.la shows a common block diagram of the current off-the-shelf FMCW radar
modules where both transmitter and receiver are at the same place. As shown, after
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amplification of the received signal by a low noise amplifier (LNA), the mixer correlates
the transmitted and received signals leading to produce low frequency and high-frequency
signals. The low-pass filter is added to the diagram to filter low-frequency signals in
the next block, and then an analog-to-digital converter (ADC) is used to convert it to a
digital signal which can be processed based on the given information of the designed signal,
especially frequency bandwidth.

The signal generator in FMCW radar sweeps in a range of frequency (fimin t0 fimaz)
linearly with a positive slope of K and a time duration of 7" and prepares the output signal
which is called chirp. The resulted frequency bandwidth, BW, for a chirp is as follows,

BW = fiax — foin = KT (A1)

The frequency bandwidth presented in (A.1) determines the range resolution of the
radar. The relationship between range resolution and frequency bandwidth as presented
in (A.2) shows that the radar with higher frequency bandwidth provides better range
resolution.

C

AR =5Ew

(A.2)

where AR is range resolution and C' is light velocity in the free space. The range reso-
lution in (A.2) discretizes the range of the FMCW radar such that better range resolution
provides accurate range estimation and better discrimination between two close reflections.
The range in FMCW radar can be estimated from the peak frequency of the reflected chirp
signal in the frequency domain by taking Fast Fourier Transform (FFT) of the chirp signal
in the time domain that is assumed as (A.3) [30]. Suppose that a single reflection with

a delay of t; from the environment, results in (A.4) at the output of mixer shown in Fig.
A la.

w(t) = A cos (27 fuint +7Kt?), 0 <t <T (A.3)

z(t) = A cos (27 fint + TK1?) X A o cos (27 fuin(t — tq) + 7K (t — t4)?) (A.4)

where a corresponds to the effect of environment and target on the transmitted signal
amplitude. By passing through the low pass filter shown in Fig. A.la, the resulting signal
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which is called the beat signal is as (A.5). Considering the low range of the target, ¢4 is
much less than ¢ in (A.5) and the beat signal can be simplified as (A.6). Replacing t; =
2R/ C, the relationship between the beat and the range of the target, R, can be obtained
as (A.7). By taking the Fast Fourier Transform from the signal presented in (A.7), the
range of the target can be determined.

z(t) = A% acos (27 finta + 27K (ttg — t4°)) (A.5)
w(t) ~ A* o cos (27 fuinta + 27K tty) (A.6)
x(t) ~ A* o cos (?(fmin + Kt)) (A7)

In FMCW radar, the range resolution along with chirp length determines the maximum
range of the system. The chirp length can be optimized to remove environmental clutter.
Although the near-field measurement requires monitoring the low ranges, more samples
benefit from clutter reflection removal. The extra range samples receive the close clutter
effects up to the maximum range of the system and then these samples can be removed. In
addition, the finer range resolution provides more accurate details of the environment. In
this study, the best achievable range resolution of the employed system, 3 c¢m, is applied for
signal design. By considering this range resolution and the maximum range of the system
equal to 1 m, the chirp length, M, can be determined using (A.8) as equal to 64.

Rmax
M = 2AR

(A.8)

Using (A.1) to (A.8), the designed signal parameters are summarized in Table A.1 which
are used in the signal processing chain. By considering the Pulse Repetition Frequency
(PRF) equal to 20 and the sampling frequency of the beat signal equal to 1 MHz, the chirp
slope, CS, is obtained as 78.128 MHz/ps which can be supported by the employed system.

Fig. A.1b depicts the signal processing chain for power calculation in a specific range
bin. After ADC, the spectrum of the beat signal, which has peaks determining the targets
at various ranges, is obtained by applying an FFT. This FFT can also be considered as
range FFT since it reveals a range of reflections. Each range FFT bin corresponds to a
range interval discretized by range resolution. For instance, if the range resolution is 3 cm
and a target range is 20 cm, this target will appear in the 7th range bin. By collecting
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Table A.1: The designed signal parameters

Parameter Quantity Value
PRF pulse repetition frequency 20
BW signal chirp bandwidth 5 GHz
AR radar range resolution 3 cm
Rmax maximum range of system 96 cm
M chirp length 64
fs beat signal sampling frequency 1 MHz
CS chirp slope 78.128 MHz/ps

Algorithm 3 Power Calculation Algorithm

Input: Range-time Matrix in the Frequency Domain and Selected Range Bin
Output: Power Calculation
counter = 0
Sum = 0
for i in range (1, N): do
counter = counter + 1
selected sample = Beat signals in the frequency domain (selected range bin)
sum = sum + selected sample
Power = sum / counter
Return Power

N consecutive chirps over time and putting them into a matrix, the range-time matrix is
created. This matrix has M rows corresponding to all numbers of range bins and N columns
corresponding to the number of chirps. Then, the desired range based on the experiment
is selected and the power is calculated for that range bin. Algorithm 3 calculates power
for a range-time matrix in a determined range.

A.2 Synchronized Multi-Radar System

The multi-radar fusion system is designed with two primary objectives: to synchronize
radar operations for simultaneous execution without latency, thereby improving measure-
ment accuracy, and to support real-time visualization for immediate monitoring.

To achieve parallel data acquisition from multiple radars, a Python-based multiprocess-
ing framework is implemented using the ifxradarsdk API to interface with BGT60TR13C
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radar modules. The software includes three functional modes—Ilive visualization, data log-
ging, and signal averaging—that can be flexibly combined. Each radar is handled by a
separate subprocess, ensuring efficient parallel execution and optimal use of computational
resources. Based on the selected operational mode, each process performs dedicated tasks,
allowing for seamless and scalable multi-radar operation.

In live visualization mode, the system displays data streams from each radar module in
separate windows. Each window presents real-time plots of the received signal amplitude
and phase over time and is uniquely identified by a UUID automatically assigned by the
operating system upon device connection.

The main process, after handling user-provided arguments, scans for connected radars.
Upon detecting at least one radar, it initiates a dedicated child process for each device.
These child processes are managed by the main process and are terminated under two
conditions: either when the main process itself terminates or when a new radar is connected.
In the latter case, the main process terminates all existing child processes and re-executes
the radar detection routine to ensure synchronized operation across all radars within the
same time frame.

In live capture mode, the program plots real-time amplitude and phase data for each
connected radar. Each child process independently manages data acquisition for its as-
signed radar, while synchronization across all plots is achieved using Python’s Barrier
synchronization primitive. This mechanism ensures that all child processes wait until the
required number of processes are ready before proceeding, maintaining synchronized data
collection across all radars.

In data collection mode, the program functions similarly to live capture mode but with
two key differences: no real-time plots are displayed, and the acquired data is written to
disk. Since disk operations are slower compared to in-memory storage, writing data to
disk can introduce a potential bottleneck. To address this issue, each child process spawns
a dedicated worker thread to handle data writing. The worker thread utilizes a write
queue, where newly acquired data is added before being written to disk. To prevent race
conditions during queue interactions, a mutex can be used to ensure that only one thread
writes at a time. However, to simplify the implementation and avoid potential conflicts,
each worker thread writes data to a unique file path, allowing parallel writing without
contention. This approach not only enhances efficiency but also facilitates easy retrieval of
data from individual radars. The block diagram detailing the operations of both the main
process and child processes in the non-averaging mode is presented in Fig. A.2a.

In averaging mode, the program calculates the average amplitude and phase across all
connected radars and presents the results in a single consolidated plot. Each radar is still
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managed by a dedicated child process, while the main process is responsible for computing
and displaying the averaged data. A key limitation of this design is the lack of support for
dynamic radar reconnection. To address this limitation, an alternative approach involves
delegating the averaging and plotting tasks to a child process. This modification would
enable the program to detect and integrate newly connected radars in a manner similar
to live capture mode. The block diagram illustrating the operations of both the main and
child processes in non-averaging mode is provided in Fig. A.2b.
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Figure A.2: Block diagram of radar signal processing: (a) non-averaging fusion mode, (b)
averaging fusion mode.
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